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Nederlandstalige samenvatting
In het laatste decennia zagen we een enorme groei in mobiele toestellen. Van-
daag de dag beschikken we niet langer enkel maar over een standaard GSM of
smartphone, maar ook over een laptop, een tablet, en misschien wel een smart
watch en een armband die toeziet op onze fitheid. In de loop der tijd zijn mobiele
toestellen steeds krachtiger geworden en hoeven we ons niet langer te beperken
tot enkel het telefoneren of surfen op het internet, maar kunnen we ook veeleisen-
dere diensten gaan gebruiken. Denk bijvoorbeeld aan het streamen van muziek en
video of de zogenaamde videochat waarbij we onze gesprekpartner ook kunnen
zien tijdens het telefoneren. Deze twee trends, de groei in mobiele toestellen en
het krachtiger worden van deze toestellen, hebben uiteraard een directe invloed
op de draadloze toegangsnetwerken die deze toestellen bedienen. Enerzijds zul-
len de netwerken moeten uitgebreid worden om deze extra vraag ten gevolge van
de toevloed aan mobiele toestellen te kunnen opvangen, anderszijds moeten ze
ook voldoende capaciteit leveren zodat de eindgebruiker tevreden blijft. Uiter-
aard is er een keerzijde van de medaille. In 2008 waren communicatienetwerken
al verantwoordelijk voor 15% van het ICT energieverbruik. Maar liefst 77% van
dit verbruik werd veroorzaakt door de draadloze telecommunicatienetwerken van
operatoren. Momenteel wordt het meeste van onze energie gewonnen uit het ver-
branden van fossiele brandstoffen. Niet alleen is er maar een beperkte hoeveelheid
van deze brandstoffen beschikbaar, bij de verbranding ervan komt CO2 vrij wat
het natuurlijke broeikasteffect versterkt met klimaatsverandering tot gevolg. Het
is dan ook belangrijk dat we in elk aspect van onze samenleving ons energiever-
bruik proberen te reduceren en dus in de toekomst draadloze toegangsnetwerken
met een minimaal verbruik gaan ontwerpen. Naast het energieverbruik zien we
dat de mens steeds vaker bezorgd is om mogelijke gezondsheidseffecten door de
elektromagnetische straling van deze netwerken. Daarom is het ook belangrijk om
draadloze toegangsnetwerken uit te rollen met een zo laag mogelijke straling voor
de mens. Het doel van dit werk is om toekomstige groene draadloze toegangs-
netwerken te ontwerpen waarbij zowel het energieverbruik als de straling van het
netwerk geminimaliseerd is.
In de eerste fase van dit werk wordt het energieverbruik van de grootste ver-
bruiker binnen draadloze toegangsnetwerken i.e., het basisstation, gekarakteri-
seerd. Hiervoor wordt de architectuur van drie verschillende types van basisstati-
ons (macrocell, microcell en femtocell basisstation) opgesteld. Op basis van deze
architectuur wordt een model voor het energieverbruik van elk type ontworpen.
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Een macrocell basisstation gebruikt typisch tussen de 1200 en 1600 W, terwijl een
microcell basisstation ongeveer 4 keer minder vermogen verbruikt en een femto-
cell basisstation maar liefst 100 keer minder dan een macrocell basisstation. Uiter-
aard is energieverbruik niet de enige parameter van belang. Ook de performantie
van het basisstation is belangrijk. Zo kan een basisstation meer energie verbrui-
ken, maar ook een groter gebied bedienen met een hogere capaciteit dan een ander
basisstation. Om dit op te vangen worden energie-efficie¨ntie metrieken gedefi-
nieerd die niet alleen energieverbruik maar ook andere performantie parameters
zoals dekking en capaciteit in rekening brengen. Deze metrieken laten ons toe
om een vergelijking te maken tussen verschillende types basisstations, technolo-
giee¨n en netwerken. Het vergelijken van verschillende technologiee¨n toont aan dat
het afhankelijk is van de vereiste bit rate welke technologie het meeste energie-
efficie¨nt is. Voor de verschillende basisstation types wordt aangetoond dat voor
de metriek ”energieverbruik per gedekt gebied” de gebruikte technologie bepaalt
welk basisstation het meest energie-efficie¨nt is. Dit neemt echter niet weg dat het
introduceren van een type basisstations met een lagere energie-efficie¨ntie in het
netwerk kan leiden tot een lager energieverbruik van het complete netwerk omdat
dit type bijvoorbeeld een lager energieverbruik heeft. Om de energie-efficie¨ntie
van een basisstation te verhogen, kan MIMO gebruikt worden.
Voor het valideren van onze resultaten werden metingen van het energieverbuik
uitgevoerd op een bestaand macrocell en microcell basisstation. Door het combi-
neren van deze meetresultaten met de traffiek gegevens gedurende de meetperiode
wordt de invloed van variaties in traffiek op het energieverbruik onderzocht.
In de tweede fase worden energie-efficie¨nte netwerken i.e., met een minimaal
energieverbruik, ontworpen. Hiervoor wordt een netwerkplanningstool voorge-
steld. Twee verschillende algoritmes worden voorgesteld: een dekkingsgebaseerd
algoritme en een capaciteitsgebaseerd algoritme. Het doel van het dekkingsgeba-
seerd algoritme is om een bepaald gebied te dekken met een minimaal energiever-
bruik en voor een vooropgestelde bit rate. Het capaciteitsgebaseerd algoritme gaat
reageren op de bit rate die vereist wordt door de eindgebruiker actief in het voorop-
gestelde gebied. De modellen voor het energieverbuik van de verschillende types
van basisstations uit de vorige fase zullen in deze algoritmes gebruikt worden.
Door het dekkingsgebaseerde algoritme toe te passen op een realistisch voor-
beeld in Belgie¨ (een greenfield ontwerp voor Gent en een optimalisatie van een
bestaand netwerk in Brussel) wordt aangetoond dat LTE de energie-efficie¨ntste is
van de beschouwde technologiee¨n. Daarnaast wordt aangetoond dat het optimali-
seren van bestaande netwerken naar energieverbruik al kan leiden tot een reductie
in energieverbruik van 33%. Een zorgvuldige keuze van de locaties voor de basis-
stations kan dus al leiden tot een significante besparing. De energie-efficie¨ntie van
de bekomen netwerken kan verhoogd worden door het introduceren van ”small
cell” basisstations.
Daarnaast wordt ook een uitbreiding van het dekkingsgebaseerde algoritme
voorgesteld door het introduceren van sleep modes en cell zooming (ook wel cell
breathing genaamd) in het netwerk. Beiden zijn energiebesparende technieken en
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kunnen leiden tot een bijkomende reductie van 14% voor een greenfield ontwerp
en 2% voor een bestaand netwerk geoptimaliseerd naar energieverbruik. Ook zon-
der de optimalisatie naar energieverbruik, kunnen deze technieken maar liefst 8%
energie besparen. Het is dus aangeraden dat toekomstige netwerken sleep modes
en cell zooming zullen ondersteunen.
Het capaciteitsgebaseerd algoritme wordt gebruikt om de invloed van drie
LTE-Advanced functies te onderzoeken namelijk: carrier aggregation (wat toe-
laat om de bit rate per basisstation te verhogen), heterogene netwerken (waarbij
macrocell en femtocell basisstations in e´e´n netwerk gebruikt worden) en verbe-
terde ondersteuning voor MIMO (tot 8 zend- en 8 ontvangstantennes). Er wordt
vergeleken met LTE op zowel het basisstation niveau als op het netwerkniveau.
In het algemeen zal een hogere bit rate leiden tot een lagere energie-efficie¨ntie
voor het basisstation. Maar wanneer er carrier aggregation wordt gebruikt is het
echter wel mogelijk om een hogere energie-efficie¨ntie te bekomen bij een hogere
bit rate. Dit kan nog verder verhoogd worden door het gebruik van MIMO.
Op het netwerkniveau wordt het laagste energieverbruik (en de hoogste energie-
efficie¨ntie) bekomen wanneer de drie functies, een heterogeneen netwerk waarbij
het femtocell basisstation zowel MIMO als carrier aggregation ondersteunt, samen
worden aangewend. Het introduceren van femtocell basisstations die geen carrier
aggregation en MIMO ondersteunen levert echter ook al tot een significantie ener-
giebesparing.
In de derde fase wordt de blootstelling voor de mens aan elektromagnetische
(EM) velden straling in rekening gebracht. Hiervoor worden twee uitbreidingen
van het capaciteitsgebaseerd algoritme voorgesteld. De eerste uitbreiding ont-
werpt netwerken die geoptimaliseerd zijn naar energieverbruik maar waarbij wordt
voldaan aan een vooropgestelde blootstellingsnorm, terwijl de tweede uitbreiding
netwerken ontwerpt waarbij de EM straling voor de mens geminimaliseerd is. De
resultaten van deze twee uitbreidingen worden vergeleken met die waarbij het net-
werk geoptimaliseerd is naar energieverbruik. Wanneer we optimaliseren naar
energieverbruik bekomen we een netwerk dat bestaat uit een laag aantal basissta-
tions met een hoog zendvermogen, terwijl de optimalisatie naar straling resulteert
in een netwerk met een hoog aantal basisstation maar met een laag zendvermogen.
Wanneer we optimaliseren naar energieverbruik maar rekening houden met een
bepaalde blootstellingsnorm wordt een compromis bereikt tussen de twee andere
optimalisaties.
Tenslotte worden er groene draadloze netwerken ontworpen waarbij zowel het
energieverbruik als de straling geoptimaliseerd wordt. Zoals hierboven vermeld
legt een dergelijke optimalisatie contrasterende vereisten op aan het netwerk. Een
trade-off is dus noodzakelijk. Het capaciteitsgebaseerd algoritme wordt uitgebreid
met een fitness functie die de performantie van het netwerk evalueert. Door het kie-
zen van geschikte wegingsfactoren wordt de gewenste afweging tussen de optima-
lisatie naar energieverbruik en de optimalisatie naar straling bekomen. Dit laaste
algoritme laat ons toe om de gewenste toekomstige groene draadloze netwerken
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te ontwerpen waarbij zowel EM blootstelling als energieverbruik geoptimaliseerd
wordt.
English summary
The last few decades, a considerable increase in mobile devices ranging from mo-
bile phones and smart phones, over laptops and tablets, to smart watches and fit-
ness devices has been noticed. Besides this, these devices are becoming very pow-
erful, allowing also more demanding services such as streaming music and videos,
video calling, etc. These two trends have of course their influence on the wireless
access networks serving those mobile devices. The network will not only have to
expand in size to cope with these extra demands, but also has to provide a higher
capacity to keep the end user satisfied. In 2008, communication networks were
already responsible for 15% of the ICT power consumption, moreover, 77% of
this consumption was caused by telecommunication operator networks. To pre-
serve our fossil fuels and reduce CO2 emission, every aspect of our society has
to contribute and it is thus important to develop future wireless access networks
with a minimal power consumption. On the other side, people are becoming more
concerned about the health effects of those networks. Exposure awareness to elec-
tromagnetic fields is currently growing, so it is desirable that future wireless access
networks have also a minimal global exposure for human beings. The main focus
of this dissertation is to design future green wireless access networks minimizing
both power consumption and global exposure for human beings.
In the first phase, the power consumption of the largest power consumer in
wireless access networks i.e., the base station is characterized. Therefore, the ar-
chitecture of three different base station types (macrocell, microcell, and femto-
cell base station) is determined. Based on this architecture, a power consumption
model for each base station type is developed. A macrocell base station consumes
typically around 1200 to 1600 W, while a microcell base station consumes approx-
imately 4 times less power and a femtocell base station even 100 times compared to
the macrocell base station. However, power consumption is not the only parameter
when developing an energy-efficient network. For example, a base station can have
a higher power consumption but also offering a higher coverage and higher capac-
ity compared to another base station. Therefore, appropriate energy efficiency
metrics, taking into account both power consumption and performance parame-
ters (such as coverage, capacity, etc.), are defined to determine and compare the
energy efficiency of different base stations, wireless technologies, and networks.
Comparing different wireless technologies shows that it depends on the required
bit rate which one is the most energy-efficient. For the different base station types,
it was found that for the energy efficiency metric ”power consumption per covered
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area”, it depends on the considered technology which base station type is the most
energy-efficient. However, introducing a less energy-efficient base station type in
the network can reduce the overall network power consumption because it has for
example a lower power consumption. To increase the energy efficiency of a single
base station, MIMO can be used.
To validate the power consumption values obtained by our models for the dif-
ferent base station types, measurements were performed on an actual macrocell
and microcell base station. By combining the results of these power consumption
measurements with the traffic data of the measurement time period, it was pos-
sible to investigate the influence of traffic variations on the base station’s power
consumption.
In the second phase, energy-efficient wireless access networks are developed.
To this end, a deployment tool for the design of wireless access networks opti-
mized towards power consumption is proposed. Two algorithms are presented: a
coverage-based algorithm, using a genetic search algorithm and a capacity-based
algorithm. The purpose of the coverage-based algorithm is to cover a specific
(geometrical) area with a minimal power consumption for a certain predefined bit
rate. Analogously, the capacity-based algorithm develops networks optimized to-
wards power consumption but responding to the instantaneous bit rate request of
the users active in the considered area, rather than providing coverage to a certain
area. The power consumption model of the different base station types is used by
both algorithms when developing and evaluating the network.
When applying the coverage-based algorithm on realistic cases in Belgium (a
greenfield deployment in Ghent and optimizing an existing network in Brussels),
the highest energy efficiency was obtained by LTE (amongst the considered tech-
nologies and for the considered cases and assumptions). Optimizing an existing
network towards power consumption can reduce the consumed power by 33%. A
careful selection of the base station locations can thus already result in a signifi-
cant saving. The energy efficiency of all the considered scenarios can further be
increased when introducing small cell base stations in the network. Furthermore,
an extension on the coverage-based algorithm is proposed, combining sleep modes
and cell zooming (or cell breathing). Both these techniques are power reducing and
can result in an additional power saving of 14% for the considered greenfield de-
ployment, and 2% for an existing network optimized towards power consumption.
Introducing sleep modes and cell zooming in an existing network not optimized
towards power consumption can reduce the power consumption by 8%. For future
networks, it is recommended to support sleep modes and cell zooming.
The capacity-based algorithm is used to investigate the influence of three fea-
tures added to LTE-Advanced on the power consumption and energy efficiency.
A comparison with LTE is made. These three features are carrier aggregation
(to increase the bit rate of the base station), improved support for heterogeneous
networks (consisting of a mixture of macrocell and femtocell base stations), and
extended support for MIMO (even up to 8 transmitting and 8 receiving antennas).
This investigation is performed on the base station level and on the network level.
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In general, for a single base station, a higher bit rate results in a lower energy
efficiency. However, by using carrier aggregation, LTE-Advanced allows to obtain
higher bit rates for even a higher energy efficiency. Furthermore, MIMO can also
increase the energy efficiency of a single base station.
On the network level, the highest power reduction (and energy efficiency im-
provement) is obtained when applying the three features together i.e., a heteroge-
neous network where the femtocell base station supports both carrier aggregation
and MIMO. However, adding femtocell base station without carrier aggregation
and MIMO can already reduce the power consumption significantly.
In the third phase, global exposure for human beings is taken into account
when developing networks. To do this, two extensions of the capacity-based al-
gorithm are proposed. The first extension develops networks optimized towards
power consumption satisfying a certain exposure limit, while the second exten-
sion optimizes networks towards global exposure for human beings. The results
obtained with those two extensions are compared to the results when optimizing
only towards power consumption. This comparison shows that when optimizing
towards power consumption, the network consists of a low number of high-power
base stations, while optimizing towards global exposure results in a network con-
sisting of a high number of low-power base stations. When optimizing towards
power consumption while satisfying a certain exposure limit, a compromise be-
tween the other two optimizations is obtained.
In the last phase, green wireless access networks optimizing towards both
power consumption and global exposure are developed . As mentioned above,
the optimization towards power consumption and towards global exposure im-
poses conflicting requirements on the network. A trade-off between these two
parameters has to be made. The capacity-based algorithm is extended with a fit-
ness function evaluating the performance of the network. By choosing appropriate
weight factors in the fitness function, the required trade-off between the impor-
tance of optimizing towards power consumption and towards global exposure can
be obtained. This last algorithm allows to design the desired future green wireless




1.1 Context and motivation
In 1993 the mobile phone entered the commercial market. The idea of calling (or
being called) wherever you are, was innovative resulting in a very quick adoption
of this device, not only in the professional world but also privately. Merely ten
years after his introduction, already 1.5 billion subscriptions were sold worldwide.
In 20 years, the mobile phone has incredibly changed from a device only used
for calling to today’s smart phone which is a small computer on its own with
possibilities far beyond voice calls. However, the wireless world has not stopped
with mobile phones and smart phones. Laptops, tablets, gaming consoles, etc.
all have wireless access to the internet and has become very popular. Although
it seems that wireless devices are already hugely involved in our daily life, it is
still expected that the number of global mobile devices will grow significantly.
By 2017, 8.6 billion handheld or personal devices and 1.7 billion Machine-to-
Machine (M2M) connections (such as Global Positioning System (GPS) systems
in cars, tracking systems in shipping sector, medical or health applications, smart
homes, etc.) will exist which is a growth of 13% compared to 2012 as shown in
Fig. 1.1 [1].
As mentioned above, mobile devices are nowadays very powerful. People are
using their mobile devices for other activities than voice calls as well such as read-
ing or sending mails, visiting social network sites, streaming music or video, mak-
ing video calls, downloading apps, etc. Fig. 1.2 gives an overview of the most
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Figure 1.1: Growth and growth prediction of global mobile devices [1].
popular activities on a smart phone and indicates how many (as a percentage) of
the surveyed people execute the activity on a daily base [2]. Besides the fact that
people are using their mobile devices in an other way than ten years ago, these
activities also result in higher traffic demands than before. For example, a higher
bit rate will be required when making a video call than an ordinary voice call.
This has of course a direct influence on the amount of mobile data traffic. In two
years time, the global mobile data traffic has tripled, and Cisco predicts a 13-fold
increase by 2017 as shown in Fig. 1.3 [1].
It is obvious that this extreme growth in data traffic and user devices has its in-
fluence on the network. Wireless technologies are of course evolving as well, pro-
viding higher data rates, but the network must also be able to serve this amount of
users and their demands. In 2008, communication networks (both wired and wire-
less) were already responsible for 15% of the electricity consumption of Informa-
tion and Communication Technology (ICT) [3]. Within communication networks,
telecommunication operator networks (i.e., cellular networks) consume 77% of the
power as shown in Fig. 1.4 [4]. From 2007 to 2012, the power consumed by these
networks increased by 10%. Within those networks, or more general wireless ac-
cess networks, the base stations, which is the equipment to communicate with the
mobile devices and the backhaul network, are large power consumers. Currently
most of the energy is produced by burning fossil fuels such as natural gas, oil,
wood, etc. which are non-renewable energy resources with only a limited amount
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Figure 1.2: Overview of the most popular activities on a smart phone and the percentage of
surveyed people executing this activity in 2012 [2].
available. The burning processes of these fuels cause the emission of carbon diox-
ide (i.e., CO2). As CO2 emission directly contributes to the climate change, it is
important that future wireless access networks try to reduce their power consump-
tion and ecological footprint.
Besides power consumption, people are also more and more concerned about
possible health effects due to electromagnetic (EM) radiation. A recent study in
Flanders, Belgium, showed that about 5% of the respondents does not have a mo-
bile phone [2]. Fig. 1.5 shows the reasons for not adopting a mobile phone. Ap-
proximately 6% of the non-adopters is worried about his/her health. EM field
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Figure 1.3: Growth and growth prediction of the global mobile data traffic per month [1].
exposure awareness has significantly increased in the last few years. International
organizations such as International Commission on Non-Ionizing Radiation Pro-
tection (ICNIRP) provide safety guidelines and national authorities define laws
and norms to limit the exposure of the electromagnetic fields caused by wireless
networks [5]. Although no unambiguously answer is been given whether or not
electromagnetic radiation from wireless networks can result in long-term health
effects, it is still beneficial as a precautionary principle to minimize the exposure
of human beings in future wireless access networks.
In conclusion, future wireless access networks should thus be developed with
a minimal power consumption and a minimal exposure for human beings, without
compromising the quality of service for the end user(s). Such networks are called
green networks. The goal of this dissertation is to design green wireless access
networks with a minimal power consumption and/or a minimal exposure of
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Figure 1.4: Overview of the power consumption of communication networks from 2007 to
2012 (CPAE = Customer Premises Access Equipment) [4].
Figure 1.5: Reasons for not adopting a mobile phone [2].
human beings.
1.2 Wireless technologies
An important parameter when developing wireless access networks is of course
the selected technology. When we look only to downlink peak data rates, we
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already see a tremendous evolution: from 14.4 kbps to 100 Mbps in less than
thirty years. In this dissertation, different wireless technologies are considered.
It is of course not possible to consider them all, so we have focused on the most
recent Wireless Metropolitan Access Network (WMAN) and Wireless Wide Area
Network (WWAN) technologies which provide mobile data communication in a
large geographical area, spanning a whole city or country. An overview of the
considered technologies is given here.
1.2.1 IEEE 802.16
The wireless technology based on the IEEE 802.16 standard is probably better
known as Worldwide Interoperability for Microwave Access (WiMAX). The char-
acteristics of this technology and the product certification is specified by the
WiMAX forum to ensure the interoperability between different manufacturers.
Within this IEEE 802.16 standard, two important profiles can be distinguished:
IEEE 802.16-2004 which is better known as fixed WiMAX [6], and IEEE 802.16e
or mobile WiMAX [7].
Fixed WiMAX provides support for the so called fixed or nomadic access.
This means that the sender and the receiver are located on a fixed position and are
not moving during communication. Because of this, fixed WiMAX offers a good
alternative for fixed wired networks. In Belgium, fixed WiMAX uses the 3.5 GHz
band.
In the IEEE 802.16e interface the support for mobility is added. The users can
now move while they are communicating. The most important difference between
fixed and mobile WiMAX is the use of Scalable Orthogonal Frequency Division
Multiple Access (SOFDMA). Due to this technique, it is possible to allow multi-
ple users to the medium at the same time. One of the big advantages of SOFDMA
over Orthogonal Frequency Division Multiple Access (OFDMA), which is used by
fixed WiMAX, is the scalability. This means that mobile WiMAX can choose be-
tween different bandwidths according to the channel quality. Besides this, mobile
WiMAX supports also higher bit rates and has an improved support for Multiple-
Input Multiple-Output (MIMO) whereby multiple antennas are used to transmit
and receive the signal. Furthermore, a power management system is added allow-
ing longer battery operation time for mobile devices and there is also support for
handovers between different base stations which is important for the user mobility.
Mobile WiMAX uses the 2.5 GHz band in Belgium.
1.2.2 UMTS
Universal Mobile Telecommunication System (UMTS), also known as Third Gen-
eration (3G), is the successor of Global System for Mobile Communications (GSM)
and General Packet Radio Service (GPRS) and is developed by the European
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Telecommunications Standards Institute (ETSI) [8]. GSM is also known as Sec-
ond Generation (2G) and is the first wireless technology that allowed digital mobile
telephony [9]. GPRS is an extension on GSM and allowed some new services over
GSM such as internet browsing, Wireless Access Protocol (WAP) allowing web
services on mobile devices, and Multimedia Messaging Service (MMS) which is
a more advanced Short Messaging Service (SMS) whereby the message could be
accompanied by a picture or a short video.
UMTS in turn is specified as a solution that allows both mobile telephony as
data traffic. It provides mobile operators enough capacity and broadband purposes
to serve both voice and data users, especially in urban environments. UMTS typi-
cally uses the 900 MHz and 2.1 GHz band.
1.2.3 HSPA
High Speed Packet Access (HSPA) is the successor of the widely deployed UMTS
and promises higher data rates, increased cell and user throughput, and a lower
delay during transmission [10]. Just as UMTS, it operates in the 900 MHz and
2.1 GHz bands.
1.2.4 LTE
The newest commercial technology in this overview is Long Term Evolution (LTE),
commercially often denoted as Fourth Generation (4G), although it is actually
3.9G. LTE-Advanced, the successor of LTE, is 4G. The LTE technology is stan-
dardized by Third Generation Partnership Project (3GPP) and different releases
were defined during the last few years. Release 8 and 9 is better known as LTE,
while Release 10 is known as LTE-Advanced [11–13]. This last release is dis-
cussed in details in the next section.
Just like mobile WiMAX, LTE uses SOFDMA enabling the adaptation of the
modulation scheme, coding rate, and bandwidth according to the channel quality.
LTE features five different bandwidths resulting in a peak downlink data rate up to
300 Mbps. LTE currently uses the 1.8 GHz and 2.6 GHz frequency bands, but it
can also use the 700 MHz and 800 MHz bands.
1.2.5 LTE-Advanced
As mentioned above, Release 10 is better known as LTE-Advanced [13]. Note
that LTE and LTE-Advanced are actually based on the same technology and thus
is LTE-Advanced equipment backward compatible with LTE. This means that
LTE-Advanced devices can communicate with LTE devices but not the other way
around, as LTE devices can not use functionalities defined in LTE-Advanced. The
four main features added to LTE-Advanced are carrier aggregation, extended sup-
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port for heterogeneous networks and MIMO, and relaying [14].
Carrier aggregation allows to extend the bandwidth used for transmission by
sending different so called component carriers to a device. These component car-
riers consist of control data and user data. Up to five component carriers (not
necessarily of the same bandwidth) can be sent to a device. By using carrier ag-
gregation, higher bit rates can be obtained.
In a heterogeneous network, different base station types will cooperate within
the same network. LTE based heterogeneous networks typically consists of two
layers with macrocell (or eNodeB) and femtocell (or home-eNodeB) base stations.
Although this was already supported in LTE, LTE-Advanced introduces a better
interference management between the different cells in the network.
Also MIMO was already supported by LTE, but LTE-Advanced extends this
support up to 8 transmitting and 8 receiving antennas (i.e., 8x8 MIMO).
Finally, LTE-Advanced introduces relaying in the network. This means that
a terminal communicates with the network through a relay node instead of com-
municating directly with the base station. This relay node is in fact a small base
station on its own, wirelessly connected to the base station. The advantage of such
a node is that it can ameliorate the coverage on locations that can be difficult to
reach by wireless signals such as for example indoors. The terminal notices no
difference. It looks like it is communicating directly with the base station.
1.3 Outline
The general topic of this dissertation is designing green wireless access networks
optimized towards power consumption and/or exposure of human beings. This
section sums up the different chapters in this doctoral thesis.
As mentioned above, the base stations are the largest power consumers within
wireless access networks. To develop energy-efficient networks, it is thus impor-
tant to have a realistic quantification of its power consumption. In Chapter 2, the
architecture of three different base station types is established. Based on this archi-
tecture, a power consumption model for each base station type is defined. The per-
formance of the above described technologies and the different base station types
is compared. To this end, appropriate energy efficiency metrics are defined. These
metrics allow us to determine if a solution is more energy-efficient than another by
not only considering power consumption but also other performance parameters
(such as coverage, number of served users, offered capacity, etc.). Such a metric is
essential as otherwise it is very difficult to define the best solution: one technology
could have a higher power consumption but also a higher coverage, while another
technology could have a lower coverage for also a lower power consumption.
Chapter 3 proposes a deployment tool for energy-efficient wireless access net-
works. A coverage-based algorithm is proposed, which uses a genetic search al-
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gorithm. The purpose of this algorithm is to cover a specific (geometrical) area
as energy-efficiently as possible. The base station power consumption model of
Chapter 2 is used in this algorithm to evaluate the network’s power consumption.
Furthermore, a comparison is made between different technologies when consid-
ering a greenfield deployment and when optimizing an existing network towards
power consumption.
In Chapter 4, measurements are performed on two different base station types.
These measurements are used to evaluate the proposed power consumption model
of Chapter 2. Furthermore, an extension of the model is proposed, taking into
account the dependency of the base station on the variation in traffic. The influence
of introducing sleep modes and cell zooming or cell breathing is also investigated.
Chapter 5 investigates the influence of three different features added to LTE-
Advanced (carrier aggregation, extended support for MIMO, and heterogeneous
networks) on the power consumption and energy efficiency. A comparison with
LTE is also made. This study is done on base station level and on network level.
For the network level, a capacity-based deployment tool is proposed. The purpose
of this tool is to respond to the instantaneous bit rate request of the users in a
geometrical area as energy-efficiently as possible rather than providing coverage
to a certain area which is the purpose of the coverage-based tool. The power
consumption model of Chapter 2 is again used to evaluate the power consumption
of the network.
In Chapter 6, three extensions of the capacity-based deployment of Chapter 5
are proposed. The first extension develops networks optimized towards power
consumption but satisfying a certain exposure limit, while the second extension
optimizes networks towards global exposure for human beings. The last extension
develops future green wireless access networks: the network is optimized towards
both power consumption and global exposure. The three algorithms along with the
capacity-based algorithm of Chapter 5 are applied on a realistic suburban case in
Belgium and it is investigated how optimizing towards a certain parameter influ-
ences the performance of the network.
Finally, Chapter 7 summarizes my scientific contributions and briefly discusses
interesting future work.
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2
Power consumption model for a base
station
In general, a wireless cellular access network can consist of three different base
station types: macrocell, microcell, and small cell (femtocell or picocell) base sta-
tions. The largest coverage area is obtained by a macrocell base station. This base
station type can often be found along highways. The microcell base station has
a smaller coverage area and is typically used in densely populated areas such as
historical city centres, shopping malls, metro stations, etc. A small cell base sta-
tion has the smallest coverage area and is mostly placed indoor in offices and large
buildings to provide indoor coverage [1]. To determine the power consumption in
a wireless access network, it is important to know how much power each base sta-
tion type consumes. Therefore, the power consumption for each base station type
is modeled and an appropriate energy efficiency metric is proposed to make a real-
istic comparison between different configurations of the base station and different
wireless technologies. The models are developed based on private interviews with
an operator and power measurements of base stations and are thus representative
for currently deployed wireless access networks. This power consumption model
will be used as a basis for the next chapters.
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2.1 Power consumption model for a macrocell base
station
Fig. 2.1 shows the six power-consuming components of the macrocell base station:
• Rectifier: converts Alternating Current (AC) to Direct Current (DC) and is
also known as the AC-DC converter.
• Digital signal processing: converts the signal to a sequence of bits or sym-
bols and processes these signals.
• Transceiver: is responsible for transmitting and receiving the signals.
• Power amplifier: converts the DC input power into a Radio-Frequent (RF)
signal.
• Air conditioning: regulates the temperature in the base station cabin.
• Backhaul: is responsible for the communication with the backhaul network.
This is often a microwave link but is sometimes replaced by a fiber link.
Figure 2.1: Architecture of the macrocell, microcell, and femtocell base station.
If we determine the sum of the power consumption of all those components,
we can determine the base station’s power consumption. However, as shown in
Fig. 2.1, some of the components are used multiple times depending on the con-
figuration of the base station. The power consumption of these components should
thus be multiplied by their number of occurrences. Which components and how
many of them are needed depend on two factors: the number of sectors nsector
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and the number of transmitting antennas nTx.
Firstly, the influence of nsector is discussed. The area covered by a base station is
called a cell which is further divided into a number of sectors nsector. Each sector
is covered by one antenna and needs therefore one rectifier, one digital signal pro-
cessor, one transceiver, and one power amplifier. The power consumption of these
components must thus be multiplied by nsector.
Secondly, we discuss the influence of nTx. As mentioned above each sector is cov-
ered by one antenna. However, in the future, multiple transmitting antennas will
be used per sector. This technique is called MIMO. For each transmitting antenna,
one transceiver and one power amplifier are needed. This means that the power
consumption of these two components must not only be multiplied by nsector but
also by nTx.
Each of the base station’s components has a typical power consumption value
which is given in Table 2.1. The power consumption of the backhaul connection
and the rectifier(s) is assumed to be constant throughout time. The power con-
sumption of the air conditioning is not influenced by the time but rather by the
temperature inside and outside the base station cabin. It is assumed that the heat
generation rate inside the cabin and the temperature outside the cabin is constant,
which results in a constant power consumption for the air conditioning.
The power consumption of the digital signal processing, the transceiver, and
the power amplifier can fluctuate during time due to variations in load on the base
station. The load represents the number of active users and the requirements of
the services they use in the base station cell. The higher the load, the higher the
base station’s power consumption. To take this into account, we define the load
factor. The power consumption of these three components must be multiplied by
this load factor to determine the base station’s power consumption at a certain
time of the day. Furthermore, the power consumption of the power amplifier is
also dependent on the input power of the antenna PTx. The higher PTx, the higher
the power consumption of the power amplifier and thus also of the base station.
Based on the discussion above, the following formula is derived to determine
the power consumption Pel/macro of the macrocell base station (in Watt):
Pel/macro = nsector · (Pel/rect + F · (nTx · (Pel/amp + Pel/trans)
+ Pel/proc) + Pel/back + Pel/airco (2.1)
with nsector the number of sectors, F the load factor, nTx the number of transmit-
ting antennas, and Pel/rect, Pel/amp, Pel/trans, Pel/proc, Pel/back, and Pel/airco
the power consumption (in Watt) of the rectifier, the power amplifier, the
transceiver, the digital signal processor, the backhaul connection, and the air con-
ditioning, respectively.
A power consumption of 1279.1 W per macrocell base station is obtained as-
suming PTx = 35 dBm (e.g., for WiMAX) and 1672.6 W assuming PTx = 43 dBm
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(e.g., for LTE). Here, we assume a load factor of 1.0, corresponding with the max-
imal power consumption of the base station. The worst-case scenario will thus
be investigated. In [2, 3], Pel of 1500 W is found for the traditional 3G (UMTS)
base station, which is similar to the Pel obtained with our model. In [4], Pel for a
one-sector base station with one antenna is 783 W. With our model, similarly, Pel
= 761 W is obtained. Furthermore, a good agreement between our Pel and confi-
dential data from an operator about the power consumption of 3G base stations is
obtained.
Component Macrocell BS Microcell BS Femtocell BS
Number of sectors 3 1 1
Digital signal processing 100 W 100 W 7.9 W
(Microprocessor + FPGA)
Power amplifier 24.7 W (PTx = 35 dBm) 16.6 W 2.4 W
156.3 W (PTx = 43 dBm)
Transceiver 100 W 100 W 1.8 W
Rectifier 100 W 100 W —
Air conditioning 225 W 60 W —
Backhaul 80 W — —
Table 2.1: Power consumption of the components for the different base station types [5–11].
2.2 Power consumption model for a microcell base
station
Fig. 2.1 shows that the same components are used for a microcell base station as for
a macrocell base station except for the backhauling. The backhaul connection of
a microcell base station is typically established through the overlaying macrocell
network. Furthermore, a microcell base station supports only one sector covered
by one antenna. The power consumption of the different components are shown
in Table 2.1 and are similar to those of the macrocell base station except for the
power amplifier and the air conditioning. As less devices are present in the base
station’s cabin, a less powerful air conditioning with a lower power consumption
can be used. Note that the air conditioning is not always necessary in a microcell
base station but, as mentioned above, the worst-case scenario is investigated so the
air conditioning is here included. The power amplifier consumes also less than the
one of the macrocell base station because the input power PTx of the antenna is
typically around 33 dBm. Furthermore, a load factor of 1.0 is assumed and the
backhaul connection is through the overlaying macrocell network.
Based on the discussion above, the following formula is derived for the power
consumption Pel/micro of a microcell base station (in Watt):
Pel/micro = Pel/rect + Pel/airco + F · (Pel/amp + Pel/trans + Pel/proc) (2.2)
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with F the load factor, and Pel/rect, Pel/airco, Pel/amp, Pel/trans, and Pel/proc
the power consumption of the rectifier, the air conditioning, the power amplifier,
the transceiver, and the digital signal porcessing (in Watt), respectively.
This results in a typical power consumption of 376.6 W for a microcell base
station.
2.3 Power consumption model for a femtocell base
station
The size of a femtocell base station is much smaller than that of a macrocell and
microcell base station and is comparable to that of a Wireless Fidelity (WiFi) ac-
cess point. Therefore, the power-consuming components are different from those
of a macrocell and microcell base station as shown in Fig. 2.1. The femtocell base
station consists of a microprocessor, a Field-Programmable Gate Array (FPGA),
a transceiver, and a power amplifier [5]. The microprocessor is responsible for
implementing and managing the standardized radio protocol stack and the base-
band processing and also takes care of the communication with the backhaul net-
work [5]. The FPGA is responsible for a number of features such as data encryp-
tion, hardware authentication, etc. The power consumption of these components
is also listed in Table 2.1. It is assumed that the connection with the backhaul
network is done through Digital Subscriber Line (DSL) or cable network which is
beyond the scope of this study.
The following formula is derived to determine the power consumption
Pel/femto of the femtocell base station (in Watt) [5]:
Pel/femto = Pel/mp + Pel/FPGA + Pel/trans + Pel/amp (2.3)
with Pel/mp, Pel/FPGA, Pel/trans, and Pel/amp the power consumption of the
microprocessor, FPGA, transceiver, and power amplifier (in Watt), respectively.
Taking into account the values of Table 2.1 results in a femtocell base station
power consumption of 12 W.
2.4 Energy efficiency metric for a base station and/or
network
If multiple technologies are compared, it is very difficult to determine which one is
the most energy-efficient: one technology could have a higher power consumption
but also higher coverage ranges, while another one could have a smaller range but
also a lower power consumption. Therefore, we define different energy efficiency
metrics which takes the performance of the base station or network into account.
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Pel presents the power consumption of the base station (in Watt) and A = pi · R2
with R the range of the considered base station (in metres). When considering a
network, Pel =
∑n
i=1 Pi with Pi the power consumption of base station i (in Watt)
and n the number of base stations present in the network and A is the area covered
by the network (in m2). The lower PCarea, the more energy efficient the base
station or network is. As an alternative, one can also use the inverse function of
eq. (2.4), which is known as the coverage effectiveness (in m2/W). This parameter
tells us how much area is covered when 1 W power is consumed. The higher the
coverage effectiveness, the more energy-efficient the base station is.
It is also possible to express the energy efficiency in terms of covered users when





with U the number of covered users by the base station or the network. The higher
PCusers, the more energy efficient the network or base station is.
The offered bit rate is also typically taken into account as a performance parameter.
The energy efficiency metric expresses then the physical bit rate available when





with B the physical bit rate offered by the individual base station (in Mbps) or
B =
∑n
i=1Bi withBi the physical bit rate offered by base station i (in Mbps) and
n the number of base stations present in the network when considering a network.
The higher PCbitrate, the more energy-efficient the base station or network is.
One can also combine the different performance parameters in one energy effi-
ciency metric (in (m2·Mbps)/W):
PCproduct1 =
A ·B · U
Pel
(2.7)
with the parameters A, B, U , and Pel as described above. The higher PC, the
more energy efficient the network or base station is.
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with the parameters A, B, U , and Pel as defined above. Amax equals then the
complete area that needs to be covered, Bmax is the sum of all the bit rates when
each base station offers the highest possible bit rate, Umax is the total number of
users active in the considered area, and Pmax is the network power consumption
whereby each base station is operating at its highest power consumption mode.
The higher PC, the more energy-efficient the base station or network is.
The definition to combine all performance parameters used above (Eq. (2.7))
is of course just one way to combine them. Eq. (2.8) for example normalizes
each parameter. Furthermore, it also possible to take the sum of the normalized










or by multiplying the nominators and denominators of PCarea, PCbitrate, and
PCusers:
PCproduct2 =
A ·B · U
P 3el
(2.10)
Note that not all of these energy efficiency metrics will be used simultaneously,
but it will depend on the purpose of the comparison (e.g., comparing different tech-
nologies, different network topologies, different base station types) which energy
efficiency metric will be used.
2.5 Comparison between different wireless technolo-
gies and base station types
In this section, the energy efficiency of different wireless technologies and base
station types is compared based on the above described models and metric
(PCarea).
2.5.1 Configuration
For the macrocell base station, five different technologies are investigated: fixed
and mobile WiMAX, UMTS, HSPA, and LTE. For the microcell and femtocell
base station, only three technologies are compared: mobile WiMAX, HSPA, and
LTE. Only the most recent technologies were here considered.
2.5.1.1 Macrocell base station
As discussed in Section 2.4, the power consumption Pel of the base station is
related to the wireless rangeR covered by this base station to determine the energy
efficiency. To this end, a link budget has to be constructed. A link budget takes all
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of the gains and the losses of the transmitter through the medium to the receiver
into account. Firstly, we calculate the maximum allowable path loss PLmax (in
dB) to which a transmitted signal can be subjected while still being detectable
at the receiver. The path loss is the ratio of the radiated power to the received
power of the signal; it includes all of the possible elements of loss associated with
interactions between the propagating wave and any objects between the transmit
and receive antennas [17]. To determine PLmax, the parameters of Table 2.2
are taken into account. Table 2.2 lists all the gains and losses that occur. These
parameters are retrieved from the specifications and/or typical values proposed
by the operators themselves to make a fair comparison between the considered
technologies.
Some of these parameters need a short explanation, for example, the fading
margin. The fading margin accounts for temporal fading (e.g., due to varying
weather conditions) and is determined based on the projected yearly availability of
the system. The noise figure is a measure of degradation of how much the Signal-
to-Noise Ratio (SNR) degrades due to the different components in the equipment.
The receiver SNR determines the required SNR at the receiver for a certain Bit
Error Rate (BER) and the physical bit rate which is determined by the transmission
mode. In mobile telecommunication systems, the Mobile Station (MS) typically
supports different transmission modes. These transmission modes are determined
by a coding rate and a modulation scheme. For wireless communication, the binary
bit stream has first to be translated into an analogue signal, which can be performed
by using a modulation scheme such as Quadrature Phase Shifting Key (QPSK)
and 16-Quadrature Amplitude Modulation (QAM) or 64-QAM. Furthermore, a
coding rate is used for Forward Error Correction (FEC), which is responsible for
the correction of errors occurred. The coding rate indicates how many redundant
bits will be added per number of information bits. The modulation scheme and
the coding rate have an important role in the determination of the physical bit
rate. Each transmission mode is characterized by a receiver SNR value, which
represents the required SNR at the receiver for a certain BER (here, a BER of 10−6
is assumed). It is thus a determining factor for the required signal power, indicating
the signal power level for acceptable communication quality. Table 2.2 gives an
overview of the different transmission modes supported by each technology and
the corresponding receiver SNR. The higher the modulation scheme and coding
rate, the higher the required receiver SNR, the higher the bit rate, and the lower
the range.
Since UMTS and HSPA use Wideband Code Division Multiple Access (W-
CDMA) as multiple access technique, an extra gain needs to be taken into account.
This gain is called the processing gain PG (in dB) and is defined as [19]:
PG = −10 · log10(SP ) = −10 · log10(CR
SR
) (2.11)
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Parameter Mobile Fixed UMTS HSPA LTE Unit
WiMAX WiMAX
Frequency 2.5 3.5 2.1 2.1 2.6 GHz
Input power BS pTx 35 35 43 43 43 dBm
Effective input power BS pTCHTx 35 35 31.5 24.7 43 dBm
Antenna gain BS 16 17 17.4 17.4 18 dBi
Antenna gain MS 2 8 0 0 0 dBi
Number of MIMO Tx antennas 1,2,3,4 1 1 1,2,3,4 1,2,3,4 —
Number of MIMO Rx antennas 1,2,3,4 1 1 1,2,3,4 1,2,3,4 —
Cyclic combining gain BS 3 3 3 3 3 dB
Soft handover gain 0 0 1.5 1.5 0 dB
Feeder loss BS 0.5 0.5 2 0 2 dB
Feeder loss MS 0 0 0 0 0 dB
Fade margin 10 10 10 10 10 dB
Yearly availability 99.995 99.995 99.995 99.995 99.995 %
Cell interference margin 2 0 0 2 2 dB
User interference margin 0 0 6 9 0 dB
Bandwidth 5 3.5 5 5 5 MHz
Receiver SNR [6, 8.5, 11.5, [6.4, 9.4, 11.2, 16.4, [7, 5.5, 7](c) [-3.1, 0.1, 3.4, 6.0, [-1.5, 3, 10.5, 14, dB
15, 19, 21](a) 18.2, 22.7, 24.4](b) 7.1, 9.6, 15.6](d) 19, 23, 29.4](e)
Used subcarriers 360 201 1 1 301 —
Total subcarriers 512 256 1 1 512 —
Noise figure MS 7 4.6 8 9 8 dB
Implementation loss MS 2 0 0 0 0 dB
Processing gain — — [25.0 17.8 10](c) 12 — dB
Control overhead — — 0.25 0.25 — —
Target load — — 0.75 0.875 — —
Max. number of users — — [64 16 4](c) 75 — —
Duplexing FDD FDD FDD FDD FDD —
Building penetration loss [18] 8.1 8.1 8.1 8.1 8.1 dB
Height BS antenna 30 30 30 30 30 m
Height MS antenna 1.5 1.5 1.5 1.5 1.5 m
Coverage requirement 90 90 90 90 90 %
Shadowing margin 13.2 13.2 13.2 13.2 13.2 dB
(a) [1/2 QPSK, 3/4 QPSK, 1/2 16-QAM, 3/4 16-QAM, 2/3 64-QAM, 3/4 64-QAM]
(b) [1/2 BPSK, 1/2 QPSK, 3/4 QPSK, 1/2 16-QAM, 3/4 16-QAM, 1/2 64-QAM, 2/3 64-QAM, 3/4 64-QAM]
(c) [AMR 12.2 Voice, CS64 data, PS64 stream, PS64 data, PS384 data]
(d) [1/4 QPSK, 1/2 QPSK, 3/4 QPSK, 3/4 8-QAM, 1/2 16-QAM, 3/4 16-QAM, 3/4 64-QAM]
(e) [1/3 QPSK, 1/2 QPSK, 2/3 QPSK, 1/2 16-QAM, 2/3 16-QAM, 4/5 16-QAM, 1/2 64-QAM, 2/3 64-QAM]
Table 2.2: Link budget table of the macrocell base station for the technologies considered
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with SP being the spreading factor, which is the ratio of the chip rate CR (in
Mcps) to the symbol rate SR (in Mbps). The processing gain is thus the ratio of
the spreaded (RF) bandwidth to the unspreaded (baseband) bandwidth. Also the
input power of the antenna for UMTS and HSPA needs to be scaled according to
the control overhead, the target load and the maximum number of users [20]:
PTCHTx =
(1− CL) · PTx
TL ·Nusers (2.12)
with PTCHTx being the power reserved by the base station for the traffic channels.
CL is the control overhead, TL the target load, and Nusers the maximum number
of users. PTx is used to determine the power consumption of the base station,
while PTCHTx is used to determine the range of the UMTS and HSPA base station
(Table 2.2). This is due to the fact that in each component some power is lost.
For mobile WiMAX, fixed WiMAX, and LTE, PTx in Table 2.2 is equal to PTCHTx
because an OFDMA-based multiple access technology is used. Also the user in-
terference margin UIM needs to be taken into account when using UMTS and
HSPA [20]:
UIM = −10 · log10(1− TL) (2.13)
with TL the target load.
For mobile WiMAX, HSPA, and LTE an extra gain, the MIMO gain GMIMO
needs to be taken into account. Here, the theoretical MIMO gain is considered [21]:
GMIMO = 10 · log10(nTx · nRx) (2.14)
with nTx the number of transmitting antennas and nRx the number of receiving
antennas. Although the theoretical MIMO gain might be an overestimation for
some realistic cases [22], it is used for all technologies considered to realise a fair
comparison.
Once the maximum allowable path loss PLmax is known, the maximum range
R (in metres) covered by the base station of a certain technology can be deter-
mined:
R = g−1((PLmax − SM)|f, hBS , hMS) (2.15)
with PLmax the maximum allowable path loss (in dB), SM the shadowing margin
(in dB), f the frequency (in Hz), hBS the height of the base station antenna (in me-
tres) and hMS the height of the mobile station antenna (in metres). The shadowing
margin depends on the standard deviation of the path loss model, the coverage per-
centage, and the outdoor standard deviation. Here, a coverage percentage of 90%
is considered. The function g(.) depends on the used path loss model, for example,
the HATA model and the Erceg model [23, 24]. For this study, the Erceg C model
is used as this is the best suitable for suburban areas and the considered scenario.
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The quantity before the ’|’ in Eq. (2.15) is a variable and varies over a continu-
ous interval, whereas the quantities after the ’|’ are parameters that take only one
discrete known value.
2.5.1.2 Microcell base station
To determine the path loss and the coverage of a microcell base station, the same
procedure and parameters as in Section 2.5.1.1 are used, although the values of
some parameters are different. Table 2.3 summarizes the link budget parameters
for the coverage calculations of the microcell base station for all considered tech-
nologies.
Some parameters of Table 2.3 have the same value as for the macrocell base
station (Table 2.2) because these parameters are either technology dependent (such
as the frequency and the bandwidth), or mobile receiver dependent (such as the
antenna gain and the feeder loss of the mobile receiver) or based on environmental
assumptions (such as the fade margin). The same (cell) interference margin (i.e.,
2 dB) is assumed for both the macrocell and the microcell base station as carried
out in [4]. When the purpose is to increase throughput, the microcell base station
will be mainly located within the cell covered by the macrocell base station (the
so-called umbrella structure), and a more exhaustive study of the interference will
be needed [25]. The values for the input power PTx of the antenna and the antenna
gain of the base station differ between a macrocell and microcell base station. A
microcell base station has a typical PTx of 2 W; sometimes, 6 W is used. In
this study, a PTx of 2 W is selected, which corresponds with 33 dBm [4]. As
mentioned earlier, a microcell base station supports only one sector; therefore, an
omnidirectional antenna is considered here. The antenna gain for this antenna type
varies from 4 to 6 dB depending on the technology. Furthermore, the Walfish-
Ikegami (WI) propagation model is considered as this model is suitable for the
microcell base station [26]. An antenna height of 6 m is chosen, which corresponds
with the height of the roof-gutter of two-storied house (i.e., 3 m per floor).
2.5.1.3 Femtocell base station
To determine the path loss and the coverage of a femtocell base station, the same
procedure and parameters as in Section 2.5.1.1 are used, although the values of
some parameters are different. Table 2.4 summarizes the link budget parameters
for the coverage calculations of the femtocell base station for all technologies con-
sidered.
Again some parameters of Table 2.4 have the same value as for the macrocell
base station (Table 2.2) as mentioned in Section 2.5.1.2. Other values are specific
for the femtocell base station. Instead of the Erceg and WI propagation model, the
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Parameter Mobile HSPA LTE Unit
WiMAX
Frequency 2.5 2.1 2.6 GHz
Input power BS pTx 33 33 33 dBm
Effective input power BS pTCHTx 33 13.8 33 dBm
Antenna gain BS 6 5 4 dBi
Antenna gain MS 2 0 0 dBi
Number of MIMO Tx antennas 1 1 1 —
Number of MIMO Rx antennas 1 1 1 —
Cyclic combining gain BS 3 3 3 dB
Soft handover gain 0 1.5 0 dB
Feeder loss BS 0.5 0 2 dB
Feeder loss MS 0 0 0 dB
Fade margin 10 10 10 dB
Yearly availability 99.995 99.995 99.995 %
Cell interference margin 2 2 2 dB
User interference margin 0 9 0 dB
Bandwidth 5 5 5 MHz
Receiver SNR [6, 8.5, 11.5, [-3.1, 0.1, 3.4, 6.0, [-1.5, 3, 10.5, 14, dB
15, 19, 21](a) 7.1, 9.6, 15.6](b) 19, 23, 29.4](c)
Used subcarriers 360 360 360 —
Total subcarriers 512 512 512 —
Noise figure MS 7 9 8 dB
Implementation loss MS 2 0 0 dB
Processing gain — 12 — dB
Control overhead — 0.25 — —
Target load — 0.875 — —
Max. number of users — 75 — —
Duplexing FDD FDD FDD —
Building penetration loss [18] 8.1 8.1 8.1 dB
Height BS antenna 6 6 6 m
Height MS antenna 1.5 1.5 1.5 m
Coverage requirement 90 90 90 %
Shadowing margin 12.8 12.8 12.8 dB
(a) [1/2 QPSK, 3/4 QPSK, 1/2 16-QAM, 3/4 16-QAM, 2/3 64-QAM, 3/4 64-QAM]
(b) [1/4 QPSK, 1/2 QPSK, 3/4 QPSK, 3/4 8-QAM, 1/2 16-QAM, 3/4 16-QAM, 3/4 64-QAM]
(c) [1/3 QPSK, 1/2 QPSK, 2/3 QPSK, 1/2 16-QAM, 2/3 16-QAM, 4/5 16-QAM, 1/2 64-QAM, 2/3 64-QAM]
Table 2.3: Link budget table of the microcell base station for the technologies considered
ITU-R P.1238 model is used here [27] because femtocell base stations are typically
installed indoor. This model predicts the path loss for three possible scenarios: a
residential building, a commercial building or an office. Here, the office scenario
is assumed.
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Parameter Mobile HSPA LTE Unit
WiMAX
Frequency 2.5 2.1 2.6 GHz
Input power BS pTx 23 15 21 dBm
Effective input power BS pTCHTx 23 -4 21 dBm
Antenna gain BS 2 2 2 dBi
Antenna gain MS 2 0 0 dBi
Number of MIMO Tx antennas 1 1 1 —
Number of MIMO Rx antennas 1 1 1 —
Cyclic combining gain BS 3 3 3 dB
Soft handover gain 0 1.5 0 dB
Feeder loss BS 0.5 0 2 dB
Feeder loss MS 0 0 0 dB
Fade margin 10 10 10 dB
Yearly availability 99.995 99.995 99.995 %
Cell interference margin 2 2 2 dB
User interference margin 0 9 0 dB
Bandwidth 5 5 5 MHz
Receiver SNR [6, 8.5, 11.5, [-3.1, 0.1, 3.4, 6.0, [-1.5, 3, 10.5, 14, dB
15, 19, 21](a) 7.1, 9.6, 15.6](b) 19, 23, 29.4](c)
Used subcarriers 360 360 360 —
Total subcarriers 512 512 512 —
Noise figure MS 7 7 5 dB
Implementation loss MS 2 0 0 dB
Processing gain — 12 — dB
Control overhead — 0.25 — —
Target load — 0.875 — —
Max. number of users — 75 — —
Duplexing FDD FDD FDD —
Building penetration loss 0 0 0 dB
Height MS antenna 1.5 1.5 1.5 m
Coverage requirement 90 90 90 %
Shadowing margin 13.2 13.2 13.2 dB
(a) [1/2 QPSK, 3/4 QPSK, 1/2 16-QAM, 3/4 16-QAM, 2/3 64-QAM, 3/4 64-QAM]
(b) [1/4 QPSK, 1/2 QPSK, 3/4 QPSK, 3/4 8-QAM, 1/2 16-QAM, 3/4 16-QAM, 3/4 64-QAM]
(c) [1/3 QPSK, 1/2 QPSK, 2/3 QPSK, 1/2 16-QAM, 2/3 16-QAM, 4/5 16-QAM, 1/2 64-QAM, 2/3 64-QAM]
Table 2.4: Link budget table of the femtocell base station for the technologies considered
2.5.2 Comparison between the different technologies
2.5.2.1 Macrocell base station
In this section, the considered wireless technologies are compared when using a
single macrocell base station. To this end, the power consumption per covered
area PCarea (Eq. (2.4)) is investigated as a function of the bit rate offered by the
base station. It is more useful to investigate PCarea as function of the bit rate
instead of investigating PCbitrate (Eq. 2.6), because PCarea takes also the perfor-
mance (i.e., the range) for this bit rate into account. The other energy efficiency
metrics (Eq. (2.5, 2.7, 2.8)) are typically used to represent the energy efficiency of
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networks. Fig. 2.2 shows thus the power consumption per covered area PCarea
(Eq. (2.4)) as a function of the bit rate (in Mbps) for the considered technologies.
To determine the covered area, the maximum range that can be obtained by each
bit rate supported by the technology is calculated, assuming that the base station
transmits with maximum allowed power. A higher bit rate typically results in a
lower range. For the bit rate calculation, the aggregated physical bit rate is as-
sumed which has to be divided between the different users.
In general, one can see that for each technology PCarea increases for increas-
ing bit rates and thus the base station becomes less energy-efficient for higher bit
rates. Assuming a fixed bandwidth, each bit rate is determined by the coding rate
and modulation scheme. Each technology supports different combinations of cod-
ing rate and modulation schemes. Each combination is characterized by a receiver
SNR. This receiver SNR is also taken into account into the link budget and influ-
ences the obtained range. The higher the receiver SNR, the smaller the range will
be. The difference in receiver SNR between WiMAX and LTE on the one hand,
and HSPA and UMTS on the other hand, is that WiMAX and LTE use SOFDMA
as multiple access technique, while UMTS and UMTS use Wideband Code Divi-
sion Multiple Access (W-CDMA).
As mentioned above, a technology becomes less energy-efficient for higher bit
rates. For mobile WiMAX, fixed WiMAX, HSPA, and LTE, this can be explained
by the fact that higher bit rates correspond with higher receiver SNRs as shown in
Table 2.2. Higher receiver SNRs correspond with smaller ranges: from Eq. (2.15)
one can see that a higher PCarea corresponds then with a smaller range for the
same power consumption. For UMTS, the processing gain is mainly responsible
for the decrease in energy efficiency when higher bit rates are used. Table 2.2 lists
the processing gain for the three considered UMTS services. The higher the bit
rate of the service, the lower the processing gain. A lower processing gain results
in a lower range for the same power consumption and thus UMTS becomes also
less energy-efficient for higher bit rates.
Based on the assumptions made for the parameters, UMTS is the most energy-
efficient technology until a bit rate of 2.8 Mbps, LTE between 2.8 Mbps and
8.2 Mbps, fixed WiMAX between 8.2 Mbps and 13.8 Mbps, and finally mobile
WiMAX for bit rates higher than 13.8 Mbps.
For example, for a bit rate of 2 Mbps, PCarea is 0.5 mW/m2 for UMTS
while PCarea = 0.7 mW/m2 for fixed WiMAX and PCarea = 1.9 mW/m2 for
HSPA. Mobile WiMAX and LTE do not support bit rates below the 2.8 Mbps
for the considered bandwidth. UMTS performs better than fixed WiMAX be-
cause of its higher ranges (1015.4 m versus 788.8 m at 2 Mbps), despite the fact
that it has a higher power consumption (i.e., 1672.6 W) than fixed WiMAX (i.e.,
1279.1 W). This higher range is due to the UMTS processing gain. The higher
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Figure 2.2: Comparison of the power consumption PCarea per covered area of a macrocell
base station (in a 5 MHz channel) for different technologies.
power consumption of UMTS is caused by the higher input power PTx of the
antenna (43 dBm versus 35 dBm for fixed WiMAX, Table 2.2): a higher PTx cor-
responds with a higher power consumption of the power amplifier in Eq. (2.1),
resulting in a higher power consumption of the entire base station.
HSPA is the least energy-efficient technology at 2 Mbps because of its lower
ranges. Table 2.2 shows that the effective input power of the antenna PTCHTx is
lower for HSPA (i.e., 24.7 dBm). The power consumption of the HSPA base station
is the same as for the UMTS base station.
From 2.8 Mbps to 8.2 Mbps, LTE is the most energy-efficient technology. LTE
has an input power of the antenna of 43 dBm resulting in higher ranges (557.0 m at
5 Mbps) and a power consumption of 1672.6 W. UMTS does not support bit rates
higher than 3 Mbps.
From 8.2 Mbps to 13.8 Mbps, fixed WiMAX is the most energy-efficient solu-
tion. Fixed WiMAX performs better than LTE because of its lower receiver SNR,
its higher antenna gain for the mobile station (8 dBi versus 0 dBi) and its lower
noise figure (4.6 dB versus 8 dB) resulting in higher ranges (e.g., 407.7 m versus
346.3 m at 10 Mbps) due to its lower input power of the antenna PTx (35 dBm
versus 43 dBm). Fixed WiMAX and mobile WiMAX have the same power con-
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sumption (i.e., 1279.1 W). Fixed WiMAX has higher ranges than mobile WiMAX
for the same reasons as for LTE, except for the receiver SNRs.
For bit rates higher than 13.8 Mbps, mobile WiMAX is the most energy-
efficient solution based on our assumptions. Only mobile WiMAX and LTE sup-
port these higher bit rates. Mobile WiMAX performs better because of its higher
range (e.g., 215.7 m versus 193.5 m at 17 Mbps) and its lower power consumption
(i.e., 1279.1 W versus 1672.6 W). The higher range is due to the lower receiver
SNRs. The lower power consumption is caused by the lower input power of the
antenna PTx (35 dBm versus 43 dBm).
Influence of MIMO Finally, the influence of MIMO on the power consump-
tion of the macrocell base station is investigated. The considered technologies are
compared for a 2x1, 2x2, 3x2, 3x3, 4x3, and 4x4 MIMO system. Fig. 2.3 gives
an overview of PCarea as a function of the chosen MIMO system for mobile
WiMAX, HSPA, and LTE. The energy efficiency gain is also indicated in the fig-
ure. This gain, EG, indicates how much (as a percentage) PCarea has decreased
































































Figure 2.3: Influence of 2x1, 2x2, 3x2, 3x3, 4x3, and 4x4 MIMO on PCarea.
Based on the assumptions made for the parameters and the cases considered,
Fig. 2.3 shows that the energy efficiency increases when MIMO is introduced. The
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highest energy efficiency is obtained with a 4x4 MIMO system (up to 63%). The
EG is the highest for mobile WiMAX.
Compared to the SISO system, the area covered by each technology increases
with 438% when using 4x4 MIMO, because of an increase of 132% of the range,
whereas the power consumption increases with only 95% for mobile WiMAX and
173% for HSPA and LTE. The increase in power consumption is lower for mobile
WiMAX because of its lower input power PTx of the antenna (Table 2.2). This is
also the reason why the highest EG are obtained with mobile WiMAX (34-63%)
for all considered MIMO systems.
Comparing the different MIMO systems reveals that a higher MIMO array size
(i.e., more transmitting and/or more receiving antennas) does not always result in
a higher energy efficiency. For mobile WiMAX, EG for a 2x2 and 3x2 MIMO
system are approximately equal (51%). This can be explained as follows: the
power consumption Pel of the base station for 2x2 MIMO is lower (1689.5 W
against 2495.8 W for 3x2 MIMO) because only two transmitting antennas are
used. However, the range is higher for the 3x2 MIMO system (794.4 m against
576.3 m for 2x2 MIMO) because of its higher MIMO gain, resulting in similar
values for PCarea and EG.
Analogously for LTE, the 2x2 and 3x3 MIMO system have higher EG than the
3x2 and the 4x3 MIMO system, respectively. For HSPA even lower EG values for
the 3x3 and 4x3 MIMO system than respectively for the 3x2 MIMO system and
the 3x3 MIMO system are obtained.
2.5.2.2 Microcell base station
Fig. 2.4 presents the power consumption PCarea per covered area as a function of
the bit rate for the microcell base station in a 5 MHz channel. For the microcell
base station, mobile WiMAX is the most energy-efficient technology for bit rates
higher than 3.8 Mbps (11.5 mW/m2 for about 5.5 Mbps versus 23.9 mW/m2 for
LTE and 38.6 mW/m2 for HSPA). Mobile WiMAX performs better because of
its higher antenna gain for both the base and the mobile stations (Table 2.3). In
general and for the case considered here, HSPA is less energy-efficient (higher
value for PCarea) than mobile WiMAX and LTE because of its lower effective
input power of the antenna PTCHTx .
LTE is the most energy-efficient for bit rates between 2.8 and 3.8 Mbps (PCarea
is 7.9 mW/m2 for about 2.5 Mbps versus 19.9 mW/m2 for HSPA). Bit rates below
2.8 Mbps are only supported by HSPA (PCarea is 14.7 mW/m2 for 1.3 Mbps) and
not by mobile WiMAX or LTE.
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Figure 2.4: Comparison of the power consumption PCarea per covered area a microcell
base station in a 5 MHz channel for different technologies.
2.5.2.3 Femtocell base station
Fig. 2.5 compares the power consumption PCarea per covered area for the con-
sidered technologies in a 5 MHz channel. The femtocell base station consumes
10.5 W, 10.0 W, and 9.7 W, respectively, for mobile WiMAX, LTE, and HSPA.
The differences in power consumption are due to the differences in the input power
of the antenna (Table 2.4). As mentioned above, the higher the input power of the
antenna, the higher the power consumption of the power amplifier (Eq. (2.3)) and
thus the higher the power consumption of the base station.
For bit rates higher than 5 Mbps, mobile WiMAX is the most energy-efficient
technology (PCarea = 34.9 mW/m2 versus 4.2 mW/m2 for LTE and 2.3 mW/m2
for HSPA and for a bit rate of approximately 11 Mbps). Although mobile WiMAX
has a higher power consumption, it obtains a higher range (38.5 m versus 27.4 m
and 9.4 m for LTE and HSPA respectively) due to its lower receiver SNR and its
higher input power of the antenna (Table 2.4), resulting thus in a higher energy
efficiency.
For bit rates between 2.8 Mbps and 5 Mbps, LTE is the most energy-efficient
technology (PCarea = 0.4 mW/m2 versus 0.6 mW/m2 and 5.4 mW/m2 for, respec-
tively, mobile WiMAX and HSPA for a bit rate of approximately 4 Mbps). Again,
a higher range is obtained with LTE (93.5 m versus 76.8 m and 24 m for mobile
POWER CONSUMPTION MODEL FOR A BASE STATION 35
























Figure 2.5: Comparison of the power consumption PCarea per covered area of a femtocell
base station in a 5 MHz channel for different technologies.
WiMAX and HSPA respectively and for a bit rate of approximately 4 Mbps) than
for the other technologies due to its lower receiver SNR for the considered bit rates
(Table 2.4).
Finally, only HSPA supports bit rates below the 2.8 Mbps and the energy effi-
ciency is shown in Fig. 2.5.
2.5.3 Comparison between the different base station types
In this section, the power consumption PCarea per covered area of a macrocell,
microcell, and femtocell base station is compared for three different wireless tech-
nologies: mobile WiMAX, HSPA, and LTE. All parameters for the different base
station types can be found in Tables 2.2, 2.3, and 2.4. Figs. 2.2, 2.4, and 2.5
presents the power consumption PCarea per covered area as a function of the bit
rate for respectively the macrocell, microcell, and femtocell base station. Again,
PCarea is considered as energy efficiency metric, because the same technologies
are investigated for the different base station types. This means that the bit rate
offered by the base station will be the same for the different base station types,
however the obtained ranges for the different bit rates will depend on the base
station types.
Based on our assumptions, we found that the microcell base station is the least
energy-efficient (i.e., a higher PCarea) than the macrocell and the femtocell base
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station. PCarea is about 4 to 18 times lower for a macrocell base station than for
a microcell base station (e.g., 1.6 mW/m2 versus 9.2 mW/m2 for mobile WiMAX
and 3.8 Mbps) because of the higher range obtained by the macrocell base station.
The range for the macrocell base station is 4 to 8 times higher than for a microcell
base station depending on the considered technology because of its higher input
power PTx, its higher antenna gain and its higher antenna height (Table 2.2 and
2.3).
For the macrocell and the femtocell base station, it depends on the used tech-
nology which one is the most energy-efficient. For mobile WiMAX, the femtocell
base station is the most energy-efficient (PCarea is 0.6 mW/m2 for 3.8 Mbps and
5.7 mW/m2 for 24.3 Mbps versus 1.6 mW/m2 and 8.8 mW/m2 for the macrocell
base station). PCarea is about 2 to 3 times lower for the femtocell base station
compared to the macrocell base station. This is due to the fact that a femtocell
base station consumes approximately 107 times less power than a macrcocell base
station (12 W versus 1279.1 W), while the range obtained with the femtocell base
station is only 7 to 9 times smaller. For HSPA, the macrocell base station is the
most energy-efficient (PCarea is 1.3 mW/m2 for 1.3 Mbps and 10.9 mW/m2 for
11.3 Mbps versus 2.0 mW/m2 and 35.0 mW/m2 for the macrocell base station).
The range of the femtocell base station is about 16 to 24 times lower than for the
macrocell base station, while the power consumption of the femtocell base station
is 139 times lower, resulting in a 2 to 3 times higher PCarea for the femtocell base
station. For LTE, it depends on the bit rate if the macrocell or femtocell base sta-
tion is the most energy-efficient. For a bit rate lower than 12.7 Mbps, the femtocell
base station is the most energy-efficient (PCarea is 0.2 mW/m2 for 2.8 Mbps ver-
sus 0.4 mW/m2), while for a bit rate equal or higher than 12.7 Mbps the macrocell
base station is the most energy-efficient (PCarea is 6.9 mW/m2 for 12.7 Mbps
versus 7.8 mW/m2).
As mentioned above, for the macrocell base station, mobile WiMAX is the
most energy-efficient for bit rates higher than 11.5 Mbps. For bit rates between
2.8 Mbps and 11.5 Mbps, LTE is the most energy-efficient and for bit rates below
2.8 Mbps HSPA is the most energy-efficient (only technology supporting these
lower bit rates). For a microcell base station, HSPA is the most energy-efficient
for bit rates below 2.8 Mbps, LTE for bit rates between 2.8 Mbps and 3.8 Mbps,
and mobile WiMAX for bit rates higher than 3.8 Mbps. Finally, for a femtocell
base station, HSPA is the most energy-efficient for bit rates up to 2.8 Mbps, LTE
for bit rates between 2.8 Mbps and 5 Mbps and mobile WiMAX for bit rates higher
than 5 Mbps.
Note that although a type of base station is less energy-efficient for a certain
technology, this does not mean that it is not recommended to use it in the network
to reduce power consumption. For example, for HSPA, the introduction of micro-
cell and femtocell base station can reduce the overall network power consumption
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as these types have a lower power consumption. This will be investigated in the
next chapter.
2.5.4 Conclusion
In this chapter, a power consumption model for a macrocell, microcell and fem-
tocell base station is proposed. An appropriate metric, the power consumption
PCarea per covered area, is defined to determine the energy efficiency of each
base station type. Based on this metric, the energy efficiency of different wireless
technologies (mobile WiMAX, LTE, and HSPA) and of the different base station
types is compared.
The lowest power consumption is obtained by the femtocell base station which
consumes typically around 12 W, while the highest power consumption is obtained
by the macrocell base station which has a typical power consumption of 1279
to 1673 W depending on the considered technology. The microcell base station
consumes approximately 377 W.
Which technology is the most energy-efficient depends on the considered base
station type and the required bit rate. E.g., for the macrocell base station, mobile
WiMAX is the most energy-efficient for bit rates higher than 11.5 Mbps, LTE for
bit rates between 2.8 Mbps and 11.5 Mbps, HSPA for bit rates below 2.8 Mbps.
Furthermore, it depends also on the wireless technology which base station type
is the most energy-efficient. For mobile WiMAX, the femtocell base station is
the most energy-efficient, while for HSPA the macrocell base station is the most
energy-efficient. For LTE, it depends on the bit rate which type is the most energy-
efficient. However, this does not mean that it is not interesting in terms of energy
efficiency and power consumption to introduce a less energy-efficient base station
type in the network. Due to for example a lower power consumption, it can reduce
the overall network power consumption.
The energy efficiency of a base station can be further improved by introducing
MIMO. The more transmitting and receiving antennas, the more energy-efficient
the base station becomes. PCarea can be reduced by 50 to 63% for a macrocell
base station (depending on the considered technology) when using 4x4 MIMO.
The power consumption model for the different base station types and the gen-
eral comparison of the energy efficiency of different technologies and base station
types will be used as input for the following chapters.
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3
Coverage-based deployment tool for
energy-efficient wireless access
networks
The number of mobile devices such as tablet Personal Computer (PC)s, laptops
and smart phones clearly gives a boost to the growth of wireless access networks.
Not only the number of devices has its influence on the traffic load on wireless ac-
cess networks, but also the type of applications running on those devices. Stream-
ing music and video, making video calls, posting photos on social network sites
on the go, etc. require higher bit rates than an ordinary phone call. The use of
these high-bandwidth applications results in the expansion of today’s wireless ac-
cess networks [1]. As wireless access networks currently consume already a large
amount of power, it is important to develop energy-efficient wireless access net-
works in the future [2, 3].
The power consumption model for different base station types of Chapter 2
is used in the deployment tool Green Radio Access Network Design (GRAND)
for design and optimization of green wireless access networks. In this section,
a coverage-based algorithm is proposed which uses a genetic search algorithm.
The purpose of this algorithm is to cover a specific (geometrical) area, here called
the target area, as energy-efficiently as possible with a wireless technology and a
minimal power consumption.
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3.1 Developing energy-efficient networks with a
coverage-based deployment tool
In this section, the coverage-based deployment tool is proposed. This tool can op-
timize the existing network of an operator towards power consumption or develop
a new one with a minimal power consumption. The locations of possible base sta-
tion sites and the height of the antennas on these sites are provided by the user of
the tool and are assumed to be fixed. A set of the provided base station sites will
eventually form the network. The network will be developed for a certain bit rate
requirement provided by the user of the tool. A trade-off has to be made between
the geometrical coverage and the minimal power consumption. The higher the
covered area, the higher the power consumption will be as more base stations will
be needed or the base stations have to transmit with a higher transmit power.
The coverage-based deployment tool uses a genetic search algorithm as it is
not possible to find the perfect solution in an acceptable calculation time for the
considered problem, a heuristic is used which gives a good (but maybe suboptimal)
solution without being too time-consuming. The disadvantage of a genetic search
algorithm is however that optimizing the different input parameters is almost a
study on its own. Fig. 3.1 shows the different steps of the genetic search algorithm.
Initially, all the base stations are inactive. Based on the set of possible locations,
a first set (Step 1 in Fig. 3.1), here called population, of solutions is generated by
using five mutations:
• Make an inactive base station active.
• Make an active base station inactive.
• Add 1 dBm to the input power of the antenna of an active base station.
• Remove 1 dBm of the input power of the antenna of an active base station.
• Changing the type of the base station (if allowed by the user of the tool).
Each solution of this first population is created independently of the other solutions
of this population by using one of the five mutations described above. Which
mutation is used, is determined randomly. The first two mutations influence the
locations of active base stations in the network, the last one the type of base station
(when allowed by the user) and the other two the input power of the antenna of the
base stations. Which base station will be adapted also occurs randomly. The size
of this population i.e., the number of solutions that belong to a population, has
to be selected by the user at the beginning of the algorithm. Each solution of the
population is a possible network to cover the target area.
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Figure 3.1: Flow chart of the coverage-based algorithm.
The initial population will be further improved through generations (Steps 2-4
in Fig. 3.1). A new generation population is created either by selecting the best
solutions in the population (Step 2 in Fig. 3.1) and adding new solutions by the
crossover operator until the chosen population size is reached (Step 3 in Fig. 3.1)
or by mutating the current population (Step 4 in Fig. 3.1). The new population is
then used in the next iteration of the algorithm until a stopping criterion is met.
As mentioned above, a new generation can be formed by selecting a number of
solutions of the current generation population (Step 2 in Fig. 3.1). This selection
is based on the fitness of the solution (Step 5 in Fig. 3.1) which is a function that
measures the quality of the considered solution and is always problem dependent.
For this problem, two different fitness functions are combined to one global fitness
function. In this way, both the coverage of the target area and the associated power
consumption are taken into account. The first fitness function is the coverage fit-
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ness fcov (Step 5a in Fig. 3.1) and is defined as:
fcov = 100 · Atarget ∩Asol
Atarget
(3.1)
with Atarget the surface of the target area to be covered (in km2), Asol the area
covered by the individual solution (in km2) and ∩ represents the cross-section
of the two areas. fcov is expressed as a percentage and indicates how good the
target area is covered by the individual solution. The higher fcov , the better the
considered solution corresponds with the target area. The cross-section between
Atarget and Asol is necessary because base stations at the boundaries of the target
area will also cover parts outside the target area. Without the cross-section this
results in a value of more than 100% for fcov which is not desirable.
The second fitness function is the power consumption fitness fpow (Step 5b in
Fig. 3.1) and is defined as:
fpow = 100− ( Psol
Pmax
· 100) (3.2)
with Psol the power consumption of the individual solution (in Watt) and Pmax the
power consumption of the network with maximal power consumption (in Watt).
The network with maximal power consumption corresponds with the network
whereby all possible base station locations provided by the user are used and the
input power of each base station’s antenna is maximal. Pmax is then used as a
reference to decide whether a solution is better than the other or not. The net-
work with maximal power consumption is chosen as a reference instead of the one
with minimal power consumption because it is not known what the most energy-
efficient network is when running the algorithm.
Eq. (3.1) and (3.2) are then combined in one global fitness function ftot (Step 6
in Fig. 3.1) defined as:




0, fcov < 90
5 · ( fcov−905 )2, 90 ≤ fcov < 95
5, 95 ≤ fcov ≤ 100
ftot will have a value between 0 and 600. The maximum value (600) is obtained
when both fcov and fpow equal 100. The higher ftot, the better the solution is. This
kind of global fitness function is chosen because of the trade-off between cover-
age and power consumption. A geometrical coverage requirement of 90% is often
used by wireless operators for wireless network design. If the coverage is below
90% it is important to optimize the coverage. Therefore, a factor k(fcov) of 0 is
chosen when the coverage is below 90%. In that way, the coverage requirement
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can be (easily) obtained. A coverage requirement of 95% is assumed as an excel-
lent coverage and is therefore be chosen as an upper bound. When the coverage
approaches 95%, the coverage requirement is certainly met and the most important
task is to minimize the power consumption while preserving a coverage of at least
90%. The closer the coverage is to 95%, the more important it becomes to start
optimizing the power consumption in the network. Therefore, the factor k(fcov)
is higher for larger values of the coverage. A quadratic function is used to assign
a higher importance to higher coverage percentages. Note that the boundaries of
90% and 95% in Eq. (3.3) can be chosen freely. For the power consumption fit-
ness function, a weighting factor 5 is considered. If this factor is too high, it is
not possible to reach a good solution because if we try to optimize too much to-
wards power consumption, a lot of coverage is lost and we have to optimize again
towards power consumption. In the end, no good solution will be obtained. If we
take the weighting factor too low, the algorithm does not optimize enough towards
power consumption.
Based on the above defined fitness function, about 90% of the solutions will
be selected for the new population (Step 2 in Fig. 3.1). The other 10%, with
the lowest values for ftot, will be removed from the population. To ensure that
the new population has the appropriate size, new solutions will be generated by
using the crossover operator (Step 3 in Fig. 3.1). Therefore, two parent solutions
are chosen: one of the removed solutions of the previous generation population
and one of the selected (good) solutions. Each solution consists of a number of
partial solutions, which cover a smaller part of the target area. The part of the
target area covered by a partial solution should be the same for all the solutions
generated by our algorithm. The partial solutions of the bad parent solution are
compared with the corresponding partial solutions of the good parent solution. If
a partial solution of the good parent solution is better than that of the bad parent
solution, the partial solution is adapted in the bad parent solution. This newly
obtained solution is then added to the new generation population. The bad solution
is chosen as base because in this way, the possibility that the algorithm stops in a
local optimum is reduced. Note, that only every 50 generations a new generation is
made based on the crossover operator (Step 8 in Fig. 3.1) as this operation is very
time-consuming. After the crossover operator, each solution of the population
will be mutated (Step 4 in Fig. 3.1). If no crossover operator is applied, then the
previous generation will be mutated (Step 4 in Fig. 3.1). Which one of the five
mutations will be used, is randomly determined, but the adaptation will only be
accepted if a better global fitness (Step 6 in Fig. 3.1) is obtained.
The previous steps (Steps 2-8 in Fig. 3.1) are repeated until a stopping crite-
rion is met (Step 7 in Fig. 3.1). The algorithm is stopped when the estimated value
of the fitness of the population is not changed significantly from the estimated
value of the previous population. When the estimated value of the ftot distribution
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function of the new population is lower than a threshold of 1% of the previous
population, the algorithm is stopped. The maximum running time and the maxi-
mum number of generations can also be used as stopping criteria. The final result
is then the solution from the latest generated population with the highest fitness.
3.2 Comparison between different wireless technolo-
gies
In this section, networks are developed for two different areas: a part of the city
of Ghent and the Brussels Capital Region both located in Belgium. Three differ-
ent wireless technologies are considered: mobile WiMAX, HSPA, and LTE. For
Ghent, we will compare the different networks with only macrocell base stations
and with a mixture of macrocell and microcell base stations. For Brussels Capi-
tal Region, a comparison is made between SISO and MIMO. For this study, the
coverage-based deployment tool is used.
3.2.1 Application: prediction of the power consumption of a
wireless access network in Ghent
We investigate how much electrical power is needed to cover a part of the city
of Ghent, Belgium. The target area is shown in Fig. 3.2(a) and has a surface of
13.3 km2. A coverage requirement of 90% is assumed. For each technology con-
sidered, a new network is deployed, once with only macrocell base stations and
once with both macrocell and microcell base stations. The set of possible loca-
tions for the base stations are all the buildings in the target area with a height equal
to or higher than 10 m which results in 13,437 possible locations. A subset of these
locations is shown in Fig. 3.2(b). To make a fair comparison between the different
technologies, a bit rate of (approximately) 5 Mbps is assumed in a 5 MHz channel.
This corresponds with the 2/3 QPSK, the 3/4 QPSK and the 1/2 16-QAM modula-
tion for mobile WiMAX, LTE, and HSPA, respectively. All other settings can be
found in Tables 2.2 and 2.3 for the macrocell and microcell base station, respec-
tively. Furthermore, the algorithm will stop when 1000 generations are reached,
when the simulation lasts longer than 1 hour or when the estimated value of the
ftot distribution function of a new generation population is less than 1% higher
than the estimated value of the ftot distribution function of the previous popula-
tion. The considered energy efficiency metric is here the power consumption per
covered area as defined by Eq. (2.4).
Fig. 3.3 gives a visual overview of the energy-efficient network with only
macrocell (a) and both macrocell and microcell base stations (b) for mobile
WiMAX, resulting from the coverage-based deployment tool. Numerical results
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(a) (b)
Figure 3.2: Shapefile of the target area in Ghent, Belgium (a) and a subset of possible loca-
tions for the base stations (b).
for all considered technologies are summarized in Table 3.1. The results show that
a higher energy efficiency (lower PCarea as discussed in Chapter 2 (Eq. (2.4))) is
obtained when microcell base stations are introduced due to the lower total power
consumption for the same coverage of the network (Table 3.1). The lowest total
power consumption for combined macrocell and microcell base stations is found
for LTE (81.9 kW), followed by mobile WiMAX (83.8 kW), and HSPA (178.0 kW)
for the considered scenario. As discussed in Section 2.5.2.1, LTE is the most en-
ergy efficient for a macrocell base station and a 5 Mbps scenario, followed by
mobile WiMAX. Table 3.1 shows that the power consumption of the networks
is mainly governed by the number of macrocell base stations which is why LTE
performs here the best, followed by mobile WiMAX and HSPA. For HSPA, the
energy efficiency gain is very limited as the coverage of the network with both
macrocell and microcell base stations is much lower than when only macrocell
base stations are used (94.9% versus 97.7%).
Parameter mobile WiMAX mobile WiMAX LTE LTE HSPA HSPA
macro macro + micro macro macro + micro macro macro + micro
Number of macrocells [-] 78 66 52 50 114 109
Number of microcells [-] — 4 — 2 — 3
Average total 97.2 83.8 83.2 81.9 184.8 178.0
power consumption [kW]
Coverage [%] 97.6 97.4 99.3 99.1 97.7 94.9
Average PCarea [kW/km2] 7.5 6.5 6.3 6.2 14.2 14.1
Table 3.1: Comparison between the networks with only macrocell base stations and with
both macrocell and microcell base stations for the technologies considered
(5 Mbps in a 5 MHz channel).
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(a) (b)
Figure 3.3: Energy-efficient network with only macrocell base stations (a) and with both
macrocell and microcell base stations (b) for mobile WiMAX resulting from
the GRAND tool.
3.2.2 Application: prediction of the power consumption of a
wireless access network in Brussels
The required electrical power needed to cover Brussels Capital Region with base
stations of each technology is here investigated. For this study, a new network is
deployed for each technology. However, only existing base station sites are used.
The location of the existing base station sites, along with other characteristics of
the base station sites, are retrieved from a shapefile from sites.bipt.be. A total
number of 8095 antennas spread over 840 (macrocell and microcell) base station
sites and exploited by four different operators can be found in the shapefile. Three
different sorts of base stations occur in the shapefile: GPRS sites (5,262 antennas
at 764 sites), UMTS sites (2,446 antennas at 538 sites) and (fixed) WiMAX sites
(387 antennas at 86 sites). Some sites support more than one technology.
Fig. 3.4 shows the target area that needs to be covered which is Brussels Cap-
ital Region (149 km2) in Belgium and is assumed to be suburban [4]. Fig. 3.4
gives also an overview of the existing base station sites in Brussels retrieved from
the shapefile of sites.bipt.be. To make a fair comparison among the different tech-
nologies, a bit rate of 1 Mbps is assumed. For mobile WiMAX, the 3/4 QPSK
modulation is chosen for a bandwidth of 1.25 MHz which means that 85 subcar-
riers out of 128 subcarriers are used, for HSPA the 1/4 QPSK modulation and for
LTE the 1/2 QPSK for a bandwidth of 1.4 MHz which corresponds with 76 used
subcarriers out of 128 subcarriers. The other settings for the base stations can be
found in Table 2.2. The algorithm stops running when the estimated value of the
ftot distribution function of a new generation population is less than 1% higher
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than the estimated value of the ftot distribution function of the previous popula-
tion. Furthermore, the algorithm will also stop when 5,000 generations are reached
or when the simulation lasts longer than 14,400 s (i.e, 4 hours). During the sim-
ulations, the algorithm was always stopped by the estimated value criterion for
all the considered technologies. Each population contains 100 possible solutions.
The solution with the highest global fitness ftot of the last generation is the final
network.
Figure 3.4: Shapefile of the target area Brussels Capital Region, Belgium and the possible
base station locations.
Table 3.2 lists the numerical results for mobile WiMAX, LTE, and HSPA for
both SISO and 2x2 MIMO. MIMO is here used to increase the coverage of a base
station (i.e., diversity). For the SISO configuration, the best solution to cover Brus-
sels is LTE. Higher ranges are obtained with LTE (as discussed in Section 2.5.2.1
resulting in a high energy efficiency (PCarea = 0.7 mW/m2 (Chapter 2 Eq. (2.4)),
a low number of used base station sites (135) and thus a low total power consump-
tion (101.3 kW). The high ranges obtained with LTE are due to the low receiver
SNR for the considered modulation and coding rate. HSPA is the second most
energy-efficient technology (PCarea = 1.6 mW/m2) followed by mobile WiMAX
(PCarea = 3.2 mW/m2) for the considered scenario. With HSPA higher ranges
can be obtained than with mobile WiMAX due to the processing gain although
a single HSPA base station has a higher power consumption as discussed in Sec-
tion 2.5.2.1. These higher ranges result in a lower number of used base station
sites (301) and thus in a lower total power consumption (224.1 kW) than for mo-
bile WiMAX (354 sites and 450.5 kW respectively). Note that for the scenario
here considered, HSPA performs better than mobile WiMAX while in Section 3.2
mobile WiMAX performed better than HSPA. The main reason is the difference
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1x1 SISO Mobile HSPA LTE
WiMAX
Total power consumption [kW] 450.5 224.1 101.3
fcov 94.6% 95.1% 97.8%
fpow 58.0% 64.6% 84.0%
ftot 335.5 418.1 518.0
Number of used sites 354 301 135
PCarea [mW/m2] 3.2 1.6 0.7
2x2 MIMO Mobile HSPA LTE
WiMAX
Total power consumption [kW] 377.8 215.1 90.7
fcov 96.2% 96.2% 97.4%
fpow 71.6% 70.8% 87.7%
ftot 454.3 450.2 535.8
Number of used sites 239 249 104
PCarea [kW/km2] 2.6 1.5 0.6
Table 3.2: Comparison of the wireless technologies for the coverage of Brussels Capital
Region.
in bit rate (1 Mbps here versus 5 Mbps) as also discussed in Section 2.5.2.1.
LTE is also the best solution when using 2x2 MIMO based on the assumptions
made for the parameters, the considered MIMO system and a bit rate of 1 Mbps.
LTE has the lowest power consumption, the highest total fitness, and needs the
lowest number of base stations (Table 3.2). Table 3.2 shows that the considered
technologies have a higher energy efficiency when using MIMO than for SISO. In
general, a 2x2 MIMO system increases the coverage compared to a SISO system.
Because of this, less base station sites are needed to cover Brussels, resulting in a
lower total power consumption and thus in a higher energy efficiency.
3.3 Conclusion
In this chapter, a deployment tool for future energy-efficient wireless access net-
works is introduced. A coverage-based algorithm which uses a genetic search
algorithm is proposed. The purpose of the genetic search algorithm is to cover a
predefined (geometrical) area with a minimal power consumption.
The tool is applied on a realistic case in both Ghent and Brussels to investi-
gate the influence of different wireless technologies (mobile WiMAX, HSPA, and
LTE) on the network’s energy efficiency. The highest energy efficiency for the
considered cases and assumptions is obtained when using LTE. For all considered
technologies, the energy efficiency can be further increased when introducing mi-
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crocell base stations and MIMO in the network. It is thus recommended that future
networks support both macrocell and microcell base stations and MIMO.
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4
Characterization and optimization of
the power consumption in wireless
access networks by taking daily traffic
variations into account
4.1 Introduction and related work
As mentioned earlier, the base stations are responsible for a significant part of the
power consumption of wireless access networks. Therefore, a lot of effort has
been put in designing new power reducing techniques such as sleep modes and
cell zooming or cell breathing [1–12]. Sleep modes allow that a (part of the) base
station can be switched off when there is no or little activity taking place in its
coverage cell. Whenever necessary, the base station is woken up. When applying
cell zooming, the cell size is adjusted adaptively according to the level of activity
in a base station’s cell. These techniques on their own can significantly reduce the
power consumption in wireless access networks and combining them allows even
higher power savings. Up to now temporal variations of wireless access networks
have only been studied in [4–9, 13] and not experimentally.
In this chapter, the power consumption model of chapter 2 is adapted so that it
becomes load dependent. To this end, measurements are performed on an actual
HSPA macrocell and microcell base station and based on these measurements the
base station’s power consumption is modelled as a function of the traffic load.
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This model is then used in the GRAND tool of Chapter 3. The GRAND tool is
here combined with an algorithm that introduces power reducing techniques in the
network such as sleep modes and cell zooming. Both greenfield deployments (i.e.,
developing a network from scratch) and optimizing an existing operator networks
are considered.
Related work Recently, more attention is drawn to the power consumption in
wireless access networks. To model this power consumption, it is important to
quantify the power consumption of the different components in this network. [1–
4, 10–12] propose a power consumption model for today’s macrocell BSs. How-
ever, [4, 10–12] does not use any measurements to establish the power consump-
tion model. The models proposed in [1–3] are based on GSM and/or UMTS
macrocell base stations, while the model described in this chapter is based on
measurements on an HSPA base station. Our study shows that it is important to
perform measurements to identify the relation between power consumption and
traffic properly. Furthermore, a realistic HSPA traffic model can be determined
instead of using theoretical traffic models as is often done in literature.
Also the possibilities of sleep modes to reduce the power consumption in wire-
less access networks are already investigated in a number of studies [4–7]. These
studies discuss how sleep modes can be implemented and supported by the net-
work. However, in [4–6], the energy savings in a realistic network deployment are
not investigated. Our study tries to determine how much power can be saved by
introducing sleep modes in a realistic network. In [7], the effect of sleep modes
for different operator networks in a certain area is investigated, which is a similar
study as ours. However, it is also important to investigate what the energy savings
are when sleep modes are introduced in a network with a minimal power consump-
tion (here resulting from the GRAND tool). In this way, the most energy-efficient
solution for the area is considered. The algorithm developed in [7] is similar to
ours, but it is assumed that the cell size of the active (non-sleeping) base stations is
maximized. In our algorithm, the cell size of the active base stations is expanded
as much as needed which does not necessarily correspond with the maximum cell
size. Note that in this study it is not discussed how sleep modes and cell zoom-
ing should be supported by the hardware, nor the protocols that will be needed
e.g., for waking up the base station when necessary. This is the scope of other
studies [5–9].
The novelty of this work is that we validate our power consumption model by
using measurements on an actual UMTS and HSPA base station. Furthermore, a
realistic traffic model is determined and the relation between power consumption
and traffic is properly identified. An extension of the coverage-based algorithm of
Chapter 3 is proposed which allows to introduce sleep modes and cell zooming
in a realistic network. The influence of this introduction on the power consump-
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tion of three different networks is investigated: a greenfield deployment optimized
towards power consumption, an existing network optimized towards power con-
sumption, and an existing network not optimized towards power consumption.
4.2 Load-dependent power consumption model for
a macrocell and microcell base station
In Chapter 2, a power consumption model for a macrocell and microcell base
station has been developed. The power consumption of the power amplifier, the
transceiver, and the digital signal processing can slightly vary with the load of the
base station. The load is here determined by the number of users and the services
they use in the base station’s cell. The higher the number of users and the higher
the requirement, the higher the load is. The power consumption of the components
mentioned above should thus be scaled according to the load. This is done by
introducing a factor F , denoted here as the load factor. The power consumption
Pel/macro of a macrocell base station for a certain time stamp t is then determined
as follows (in Watt):
Pel/macro(t) = Pel/const + F (t) · Pel/load (4.1)
Pel/const = nsector · Pel/rect + Pel/link + Pel/airco (4.2)
Pel/load = nsector · (nTx · (Pel/amp + Pel/trans + Pel/proc)) (4.3)
with F (t) the load factor for time stamp t and nsector the number of sectors sup-
ported by the base station, nTx the number of transmitting antennas per sector,
Pel/rect, Pel/link, Pel/airco, Pel/amp, Pel/trans, Pel/proc the power consumption
of, the rectifier, the microwave link (if present), the air conditioning, the power
amplifier, the transceiver and the digital signal processing (in Watt), respectively.
Analogously, the power consumption Pel/micro of a microcell base station for
a time stamp t can then be calculated as follows (in Watt):
Pel/micro(t) = Pel/const + F (t) · Pel/load (4.4)
Pel/const = Pel/rect + Pel/airco (4.5)
Pel/load = (nTx · (Pel/amp + Pel/trans + Pel/proc)) (4.6)
with again F (t) the load factor at time stamp t, nTx the number of transmitting
antennas, Pel/rect, Pel/airco, Pel/amp, Pel/trans, Pel/proc the power consumption
of the rectifier, the air conditioning, the power amplifier, the transceiver and the
digital signal processing (in Watt), respectively.
In terms of power consumption, the load is assumed to correspond with the
number of voice calls and/or data connections. For example, if 20 voice calls
occur on time stamp 1 and 30 voice calls on time stamp 2, the load on time stamp
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2 will be higher than the load on time stamp 1. The duration of the call is in this
way implicitly taken into account. For example, assume that 5 voice calls from
time stamp 1 are still busy on time stamp 2, then this 5 voice calls are taken into
account in the 30 voice calls on time stamp 2. It is thus not necessary to take
into account the time duration of the voice call explicitly in the load factor. We
vary the load factor F from 0 to 1. A value of 0 indicates that the load-dependent
components are consuming no power i.e., they are switched off, while a value of
1 indicates that they are working on the highest power consumption level. Two
scenarios are considered for determining the load factor. For the first scenario, the
load factor F (t) for each hour t of the day with t = 0 (i.e., 0 a.m. to 1 a.m.) .. 23
(i.e., 11 p.m. to 0 a.m.) is determined. For the second scenario, the load factor
F (t) will be defined as a function of the load caused by voice calls V (t) at time
stamp t and the load caused by data connectionsD(t) at time stamp t. The formula
will be of the following form:
F (t) = x · V (t) + y ·D(t) + c (4.7)
with V (t) the load caused by voice calls (0 ≤ V (t) ≤ 1) at time stamp t and D(t)
the load caused by data connections (0 ≤ D(t) ≤ 1) at time stamp t. The division
of load caused by voice calls and data connections is based on traffic data received
from a mobile operator. The parameters x, y, and c will be determined based
on measurements of both the power consumption and the voice and data traffic
on an actual macrocell and microcell base station as discussed in the following
sections. The measurements are necessary to relate the traffic data of the operator
to the actual power consumption. The variations in power consumption can not be




To determine a model for the load factor F (t), measurements are performed on an
actual HSPA macrocell and microcell base station in the suburban area of Ghent,
Belgium. The power consumption of the base station is measured during six days
(4 weekdays and 2 weekend days). Only the power consumption of the load-
dependent components (i.e., the digital signal processing, the transceiver, and the
power amplifier) were included in these measurements. As DC is used in the base
station, the voltage is constant (i.e., approximately 54 V for a macrocell base sta-
tion and 48 V for a microcell base station) and thus only the current was measured.
The power consumption P (t) at a certain time instance t is then determined as fol-
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lows (in Watt):
P (t) = V · I(t) (4.8)
with V the voltage (in Volt) and I(t) the current at time t (in Ampere). The cur-
rent was measured with an AC/DC current clamp (Fluke i410, accuracy 3.5% of
observation).
4.3.2 Macrocell base station
Every second, the value of the current was saved, which results in 466 319 samples
for the measurement period of 6 days. Fig. 4.1 shows the power consumption (in
Watt) as a function of the time. In Fig. 4.1, day 1 to 5 are weekdays and day 6
is a weekend day. For the weekdays, it is noticed that the power consumption at
night (i.e., from midnight to 8 a.m.) is lower than during the day (i.e., from 8 a.m.
till midnight) because during the day more people are active than at night. Also
during weekdays, more people are coming to town, for example, to work. For the
weekend day, this difference in day-night power consumption is smaller than for
weekdays.
Figure 4.1: Evolution of the power consumption in time (Days 1-5 weekdays, day 6 week-
end day) for a macrocell base station.
Based on the data shown in Fig. 4.1, the average power consumption per hour
for weekdays and for the weekend is calculated. These averages are presented
in Table 4.1. The measured equipment consumes between 1016 W and 1087 W.
Determining the power consumption with our model (Eq. (4.1), F (t) = 1, PTx
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Macrocell base station Microcell base station
Hour Time Weekday Weekend Factor F (t) Weekday Weekend Factor F (t)
stamp t Weekday Weekday
0 a.m. - 1 a.m. 0 1018 W 1029 W 0.94 220 W 227 W 0.96
1 a.m. - 2 a.m. 1 1017 W 1028 W 0.94 214 W 224 W 0.93
2 a.m. - 3 a.m. 2 1017 W 1027 W 0.94 221 W 220 W 0.97
3 a.m. - 4 a.m. 3 1016 W 1026 W 0.93 220 W 221 W 0.96
4 a.m. - 5 a.m. 4 1016 W 1024 W 0.93 221 W 227 W 0.97
5 a.m. - 6 a.m. 5 1017 W 1024 W 0.94 217 W 226 W 0.95
6 a.m. - 7 a.m. 6 1020 W 1025 W 0.94 224 W 218 W 0.98
7 a.m. - 8 a.m. 7 1026 W 1025 W 0.94 221 W 224 W 0.97
8 a.m. - 9 a.m. 8 1044 W 1027 W 0.96 229 W 232 W 1.00
9 a.m. - 10 a.m. 9 1057 W 1032 W 0.97 219 W 223 W 0.96
10 a.m. - 11 a.m. 10 1087 W 1031 W 1.00 225 W 225 W 0.98
11 a.m. - 12 p.m. 11 1073 W 1033 W 0.99 222 W 229 W 0.97
12 p.m. - 1 p.m. 12 1055 W 1036 W 0.97 219 W 229 W 0.96
1 p.m. - 2 p.m. 13 1060 W 1035 W 0.98 226 W 223 W 0.99
2 p.m. - 3 p.m. 14 1070 W 1037 W 0.98 219 W 222 W 0.96
3 p.m. - 4 p.m. 15 1065 W 1035 W 0.98 221 W 224 W 0.97
4 p.m. - 5 p.m. 16 1049 W 1038 W 0.97 220 W 227 W 0.96
5 p.m. - 6 p.m. 17 1044 W 1036 W 0.96 221 W 226 W 0.97
6 p.m. - 7 p.m. 18 1042 W 1034 W 0.96 222 W 223 W 0.97
7 p.m. - 8 p.m. 19 1034 W 1039 W 0.95 220 W 221 W 0.96
8 p.m. - 9 p.m. 20 1034 W 1033 W 0.95 219 W 225 W 0.96
9 p.m. - 10 p.m. 21 1033 W 1033 W 0.95 221 W 228 W 0.97
10 p.m. - 11 p.m. 22 1033 W 1030 W 0.95 219 W 228 W 0.96
11 p.m. - 0 a.m. 23 1024 W 1030 W 0.94 221 W 223 W 0.97
Table 4.1: Average power consumption per hour during weekdays and weekends for a
macrocell and a microcell base station (only load dependent equipment).
= 43 dBm, including load independent equipment) and our assumptions from
Table 2.1 results in a power consumption of 1673 W. Excluding the power con-
sumption of the rectifiers, the microwave link and the air conditioning, we obtain
a power consumption of 1068 W which agrees very well (standard deviation of
2.0%) with the range of power consumptions in Table 4.1. The load factor F (t)
for the time between 10 a.m. and 11 a.m. (t = 10) on a weekday is chosen to be
1 as this time interval corresponds with the highest power consumption. The load
factor F (t) for each hour of a weekday can then be determined. These load factors
can be found in Table 4.1. One might argue that F (t) represents the impact of the
time on the power consumption of the base station rather than the impact of the
load. However, a different point in time will result in a different load as shown
in [14] and thus reflects F (t) implicitly the impact of the load. Furthermore, it
is also important that the F (t) model is representative for other macrocell base
stations with a similar traffic pattern in the suburban city environment as well. For
other environments such as residential areas, rural terrain, industrial environment,
etc., new model parameters for F (t) should be determined following the above
described procedure. This is a similar approach as in [14] where for each envi-
ronment one site is selected to perform measurements. Note that the F (t) model
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depends on the expected traffic in the considered type of environment, not on the
environment itself. Here, the suburban city environment is chosen as the larger
cities in Belgium are considered to be suburban.
For the weekend, the fluctuations in power consumption are small as shown in
Table 4.1 because the difference between the number of active users at night and
during the day is smaller than for weekdays. For example, during the weekend
offices are closed and less people are coming to town. Therefore, only one average
load factor F is determined for the weekend. The average power consumption for
the weekend is 1031 W per hour (excluding load independent equipment), which
corresponds with F equal to 0.95. This F value is of course obtained by com-
paring the average power consumption for the weekend to the maximum power
consumption of the measurements (i.e., 1087 W at 10 a.m. to 11 a.m. for a week-
day).
Note that variations in traffic are not always followed by similar variations in
energy consumption as already concluded by [2, 4].
4.3.3 Microcell base station
For the microcell base station, the same measurement procedure as described
above for the macrocell base station is used. The microcell base station was located
outdoor in a street in the city centre of Ghent, Belgium. During these measure-
ments, 469 919 samples were obtained. Fig. 4.2 illustrates the power consumption
(in Watt) as a function of time. Although the power consumption fluctuates again
over time, the difference in power consumption during day and night, as noticed
by the macrocell base station, is not present for the microcell base station. This
is probably due to the fact that there is less traffic on the microcell base station
compared to the macrocell base station.
Based on the data shown in Fig. 4.2, the average power consumption per hour
for weekdays and for the weekend is calculated. These averages are presented in
Table 4.1. The measured equipment consumes between 214 W and 232 W. De-
termining the power consumption with our model (Eq. (4.4), F (t) = 1, PTx =
33 dBm, including load independent equipment) and the data from Table 2.1 re-
sults in a power consumption of 377 W. Excluding the power consumption of the
rectifiers, the microwave link and the air conditioning results in a power consump-
tion of 217 W which agrees again excellent (a standard deviation of 1.4%) with the
range of power consumptions in Table 4.1. The power consumption obtained with
our model corresponds with the average power consumption for weekdays during
the following hours: between 5 a.m. and 6 a.m., 9 a.m. and 10 a.m., 12 p.m. and
1 p.m., 2 p.m. and 3 p.m., 8 p.m. and 9 p.m., and 10 p.m. and 11 p.m. This also
validates our model. The load factor F (t) for the time between 8 a.m. and 9 a.m.
(t = 8) is set to be 1 as this is the time interval with the highest power consumption.
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Figure 4.2: Evolution of the power consumption in time (Day 1-5 weekdays, day 6 weekend
day) for a microcell base station.
The load factor for the other hours of the day can be found in Table 4.1.
For the weekend, the fluctuations in power consumption are small as shown in
Table 4.1. Therefore, again only one average load factor F is determined for these
hours. The average power consumption for the weekend is 225 W which corre-
sponds with F equals to 0.98. This F value is again obtained by comparing the
average power consumption for the weekend to the maximum power consumption
of the measurements (i.e., 229 W at 8 a.m. to 9 a.m. for a weekday).
4.4 Relating power consumption and the number of
voice and data calls
In this section, a model for the load factor F (t) of the macrocell base station is de-
termined based on the number of performed voice calls V (t) and data connections
D(t) for a time stamp t.
4.4.1 Processing the measurement data
Based on the data from the measurements, a model for the load factor F (t) is de-
termined. The obtained power consumption values are averaged over one hour.
This gives us 144 (= 6 days x 24 hours) observations for the power consumption
i.e., for each hour of the measurement period one value. This will be denoted as
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Pavg(t) with t = 0 .. 143. This averaging is necessary as the power consump-
tion will be related to the number of voice calls and data connections. The data
about this number of voice calls and data connections is provided per hour by the
operator.
To relate the three parameters power consumption, number of voice calls, and
data connections, we normalize each parameter, by using the approach proposed
in [15], as we are more interested in the relative values than the absolute ones. The
normalized power consumption corresponds with the factor F (t) and is obtained
as follows for time stamp t:
F (t) =
Pavg(t)− Pmin
Pmax − Pmin (4.9)
with Pavg(t) the average power consumption for time stamp t (= 0..143), Pmin the
minimum value determined over the 144 observations of the power consumption,
and Pmax the maximum value determined over the 144 observations of the power
consumption. F (t) is dimensionless and yields values between 0 and 1.
Fig. 4.3 shows F (t) during two of the measurement days (t = 0..47) for the
considered HSPA macrocell base station. From 6 a.m. on, F (t) increases signif-
icantly as during the day more people make phone calls than during the night. A
higher value of F (t) will result in a higher power consumption (Eq. (4.1)). In the
evening, the load factor F (t) decreases again. Around 7 p.m., a small peak of
demand can be noted. Similar results are found for the other measurement days.
As mentioned above, also the number of voice calls and the number of data








with V (t) the normalized number of voice calls for time stamp t (= 0..143), Vavg(t)
the number of voice calls for time stamp t (= 0..143), Vmin the minimum value de-
termined over the 144 observations of the number of voice calls, and Vmax the
maximum value determined over the 144 observations of the number of voice
calls, D(t) the normalized number of data connections for time stamp t (= 0..143),
Davg(t) the number of data connections for time stamp t (= 0..143), Dmin the
minimum value determined over the 144 observations of the number of data con-
nections, and Dmax the maximum value determined over the 144 observations of
the number of data connections. V (t) and D(t) are, just as F (t), dimensionless
and yield values between 0 and 1.
Fig. 4.3 compares V andD withF for two measurement days of the considered
HSPA macrocell base station. A similar trend as for F can be noticed. The number
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Figure 4.3: Comparison of F , V , and D as a function of time t during 48h for a HSPA
macrocell base station (suburban environment, Belgium).
of voice and data calls are also higher during daytime. F and V and D will be
correlated and modeled in the next section.
4.4.2 Determining a model for the load factor F
Based on the results shown in Fig. 4.3, a model for the load factor F is now de-
termined by using linear regression. The dependent variable is F , while the two
independent variables are V and D. The following formula is then obtained for F
for a certain time stamp t:
F (t) = x · V (t) + y ·D(t) + z · V (t) ·D(t) + c (4.12)
As y and z are not significantly different from zero according to t-tests (p-value
= 0.7128 and 0.5044, respectively), Eq. (4.12) can be adapted to:
F (t) = x · V (t) + c (4.13)
= 0.6 · V (t) + 0.2 (4.14)
with x = 0.6 and c = 0.2. The results of this model are shown in Fig. 4.3 as a
function of the time and show very good agreement with the measured data.
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As can be seen from the form of Eq. (4.14), the base station’s power consump-
tion depends linearly on V . In [2, 3], a similar power consumption model is pro-
posed based on measurements of a GSM and UMTS macrocell base station. Both
studies also obtained a linear relation between the traffic and the power consump-
tion validating our model. Note that when V is equal to 0, the power consumption
does not decrease to 0 W because the load-independent components (such as, the
rectifier, the air conditioning, and the microwave link) still consume power and
also the load-dependent components keep consuming a small amount of power (F
= 0.2 for V = 0).
Note also that the parameters (x, y, z, c) depend on the performance of the
components. A component of another brand or another model number can result
in different values for these parameters. The values of Table 2.1 are average values
obtained from data sheets from various vendors. The base station’s power con-
sumption calculated using these values agrees excellently (standard deviation of
2%) with the measured ones, here presented.
4.5 Introduction of sleep modes and cell zooming/
breathing
A promising technique to reduce power consumption in wireless access networks
is the introduction of sleep modes where base stations are becoming inactive when
no or little activity takes place in their coverage cells [4–7]. The base station is
not completely switched off during the sleep mode as it keeps monitoring and if
necessary (e.g., when a call has to be made) it can become active again. Another
technique is called cell zooming or cell breathing [8] which adaptively adjust the
cell size according to (amongst others) the traffic load. In this section, an algorithm
is proposed combining these two techniques for power consumption reduction in
a wireless access network.
The algorithm is explained based on Fig. 4.4. Fig. 4.4(a) shows the initial sit-
uation i.e., the always-on network as obtained from the GRAND tool (see Chap-
ter 3). For each base station in the network, it is checked if it is possible to put it
into sleep. However, when a base station is put into sleep, the coverage of this base
station should be guaranteed by other base station(s), which are awake. To investi-
gate if this is possible for a certain base station, here called BStest, the neighboring
base stations are determined as shown in Fig. 4.4(a). The range of the neighboring
base stations will then be increased by adding 1 dBm to the antenna’s input power
of the neighboring base stations which is shown by the arrows in Fig. 4.4(b). This
step is repeated until the the area of BStest is covered or until the maximum input
power of the antenna is reached. If the area covered by BStest can be covered
by extending the range of neighboring base station(s), BStest will be put to sleep
when the sleep threshold is met as shown in Fig. 4.4(c). The sleep threshold cor-
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responds with a certain load. If the actual load on the base station is below this
predefined load (i.e., the sleep threshold), it is possible for the base station to sleep.
The dotted line in Fig. 4.4(c) indicates the ’old’ coverage of the neighboring base
stations. The traffic load of BStest will be divided over the neighboring base sta-
tions. When the sleep threshold is not met, the final configuration is as shown in
Fig. 4.4(a). When the sleep threshold is met, the final configuration is as shown in
Fig. 4.4(c).
As discussed above, the algorithm consists of a number of steps. The different
steps of the algorithm will now be discussed in detail based on the flow graph in
Fig. 4.5.
First, a network is designed for a predefined area by using the GRAND tool
(see Chapter 3). This tool can be used to design greenfield networks, but also
enables optimizing existing networks. The input power of the (macrocell) base
station antenna is limited in this first step to e.g., a certain realistic input power
minus x dBm. In this way, it is possible to let cells zoom by adjusting the input
power of the antenna.
Secondly, the algorithm for introduction of sleep modes and cell zooming is
applied (Fig. 4.5). The different steps are now explained. For every active base
station BSi (i = 1,..,M with M the total number of base stations) in the network
resulting from the GRAND tool, it is determined whether it is possible to put this
base station to sleep (Fig. 4.5 Step 1). This is done by selecting the 4 closest active
base stations (BSj)i (j = 1,..,4 with j = 1 the base station the closest to BSi and j
= 4 the base station the furthest from BSi) (Fig. 4.5 Step 2). Note that the number
of closest base stations can be chosen freely. Here, 4 was chosen as this gave a
good balance between performance and the computational time of the algorithm.
In the next steps, the input power of the antenna of one or more neighbouring
base stations is increased. This is done as follows:
• In a first step, the input power of the antenna of one base station from the
set (BSj)i) is increased with 1 dBm i.e., applying cell zooming (Fig. 4.5
Step 3a). This will expand the range of the cell. Note that it is important
to increase the input power sequential because each dBm added to the input
power results in a higher power consumption (Chapter 2). This increase can
be performed until the maximum input power is reached or until a solution is
found (Fig. 4.5 Step 3b). A solution is found when the cell of (BSj)i covers
the cell of BSi. If a solution is found, BSi can be put into sleep mode and
the calculation for BSi is stopped (Fig. 4.5 Step 7). If no solution is found
(Fig. 4.5 Step 3b), Step 3a of Fig. 4.5 for the other base stations from the set
(BSj)i.
• If no solution can be found by expanding the range of only one base station
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Figure 4.4: Overview of the proposed algorithm for introducing sleep modes and cell zoom-
ing: always-on configuration (a), checking if a base station can sleep (b), final
configuration with base station asleep (c).
from the set (BSj)i, check if there is solution when expanding the range
of two base stations from (BSj)i (Fig. 4.5 Step 4a). If a solution is found
(Fig. 4.5 Step 4b), stop the calculation for BSi (Fig. 4.5 Step 7).
• If all combinations with two base stations from set (BSj)i are checked and
no solution is found (Fig. 4.5 Step 4b), check if there is a solution when
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Figure 4.5: Flow diagram of the algorithm for introducing sleep modes and cell zooming in
a network.
expanding the range of three base stations from (BSj)i (Fig. 4.5 Step 5a).
If a solution is found (Fig. 4.5 Step 5b), stop the calculation forBSi (Fig. 4.5
Step 7).
• If all combinations with three base stations from set (BSj)i are checked
and no solution is found (Fig. 4.5 Step 5), check if there is a solution when
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expanding the range of the four base stations from (BSj)i (Fig. 4.5 Step 6a).
If a solution is found (Fig. 4.5 Step 6b), stop the calculation forBSi (Fig. 4.5
Step 7).
• If no solution can be found by expanding the range of the four base stations
from the set (BSj)i, it is not possible to put the BS into sleep.
When the investigation is stopped for BSi, we check if there are other active
base stations in the network which have not been investigated yet (Fig. 4.5 Step 8).
If so, the above described procedure (Fig. 4.5 Step 1-7) is repeated for these base
stations. If not, we check if there was a solution for any of the active base stations
in the network (Fig. 4.5 Step 9). If so, the solution with the lowest power con-
sumption is determined and the corresponding base station BSi is put into sleep
(Fig. 4.5 Step 10) and the input power of the antenna of the defined base stations
is increased appropriately. To determine the power consumption of a solution, the
traffic load of the base station put into sleep mode is equally divided over the base
stations that need to be expanded. This is a very simple approach, but it is expected
that more complex approaches will not change the results as the power consump-
tion depends linearly on the number of voice calls V (see Eq. (4.14)). The whole
procedure is repeated (Fig. 4.5 Step 1-10) until it is not possible anymore to put
base stations into sleep mode (Fig. 4.5 Step 9 & 11).
Note that the order in which the base stations are considered in the algorithm
of Fig. 4.5 has an impact on the solution. It is of course not possible to investigate
all different orders, but one way to deal with this, is to have multiple simulations.
4.6 Modeling results
4.6.1 Evolution of the power consumption during the day
In this section, it is investigated how the power consumption of a macrocell and a
microcell base station fluctuates during a weekday and a weekend day. Fig. 4.6(a)
presents the power consumption of a HSPA macrocell and Fig. 4.6(b) the power
consumption of a HSPA microcell base station as a function of the time of the day
for both a weekday and a weekend. To create Figs. 4.6(a) and 4.6(b), Eqs. (2.1)
and (2.7) are used with the assumptions of Table 2.1. For F , the values of Table 4.1
are used for weekdays and F is assumed to be 0.95 and 0.98 for the macrocell and
microcell base station respectively as described in Section 4.3.
For a weekday, the lowest power consumption (i.e., 1609 W) for a macrocell
base station is obtained between 3 a.m. and 5 a.m. The highest power consumption
(i.e., 1673 W) is found between 10 a.m. and 11 a.m. For the microcell base





























































































































































Figure 4.6: Evolution of the power consumption during a weekday and the weekend for a
HSPA macrocell (a) and microcell (b) base station.
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and 9 a.m. and the lowest power consumption (i.e., 362 W) between 1 a.m. and
2 a.m. However, the course of the power consumption for a microcell base station
varies more than for the macrocell base station. This is due to the fact that when
there is too much traffic on one of the neighbouring macrocell base stations some
of the traffic is diverted to the microcell base station. In general, the fluctuations
in power consumption are limited for the microcell base station compared to the
macrocell base station.
4.6.2 Greenfield deployment
The power savings in a network by introducing sleep modes and cell zooming are
now determined for a greenfield deployment. For this investigation, a new network
is developed for the city center of Ghent, Belgium. This target area is shown in
Fig. 4.7(a) and has a surface of approximately 13.3 km2. A coverage requirement
of 90% of the target area is here assumed. Furthermore, LTE is chosen as wireless
technology (frequency of 2.6 GHz) and a physical bit rate of approximately 5 Mbps
(in a 5 MHz channel) is provided. LTE is considered here as this technology
will mostly be introduced in new network deployments. It is assumed that the
(voice) traffic behaviour will not change significantly when a new technology is
introduced in the network. Comparing the shape of the daily evolution of the HSPA
traffic with the shape of the daily evolution of GSM as shown in [15], delivers no
significant differences. Therefore, the model from the previous sections is also
used here. Furthermore, it is assumed that the traffic is uniformly distributed over
the area. Each base station will thus have the same traffic load at the same time
when sleep modes are not activated.
The network resulting from the GRAND tool (without activation of sleep
modes and cell zooming) is shown in Fig. 4.7(b). It consists of 80 macrocell base
stations with a total energy consumption of 1566 kWh per day.
Fig. 4.7(c) shows the resulting network when sleep modes and cell zooming are
activated. 28 base stations can be put into sleep when the sleeping conditions are
met. As it is assumed that each base station has the same traffic pattern, these 28
base stations will be put into sleep mode at the same time. However, the coverage
that is lost should be provided by (an)other base station(s). The algorithm shown
in Fig. 4.5 determines for which base stations this is possible and for which not.
The sleep threshold will be a very important parameter in determining the actual
power savings in the network as is now discussed.
Fig. 4.8 shows the power savings that can be achieved by introducing sleep
modes and cell zooming in the network (100% corresponds with no power con-
sumption reduction at all). Here, we vary the sleep threshold from 0.0 to 0.3 in
steps of 0.05. The daily power consumption of the network as a function of the




Figure 4.7: The target area (a), the greenfield network (b) for the target area resulting from
the GRAND tool, and the network (c) when sleep modes and cell zooming are
applied.
consumes 1432.8 kWh per day, which is 8.6% lower than without sleep modes and
cell zooming. If the sleep threshold is 0.2, the network only consumes 1369.9 kWh
per day which corresponds with a power saving of 12.6%. If the sleep threshold
is 0.3, the network only consumes 1297.3 kWh per day which corresponds with a
power saving of 13.5%. A higher power saving is achieved when a higher thres-
hold is applied because the base stations can sleep more hours per day than for a
lower threshold (Section 4.6.1). However, for a sleep threshold of 0.3, the load on
the neighbouring base stations is becoming very high (load of 0.9). Therefore, it is
recommended to use a sleep threshold lower than 0.3. As can be seen in Fig. 4.8,
the additional saving in power consumption when increasing the sleep threshold
becomes smaller and smaller from a sleep threshold of 0.15. This is due to the
fact that from this threshold on it is not possible to put a lot of extra base stations
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into sleep mode, as the load on the surrounding base stations becomes too high.
Furthermore, remark that it is assumed that a base station in sleep mode consumes
no power (both the load dependent and the load independent power consumption
equal 0 W). This might however be too optimistic, but it allows us to determine
the upper bounds of the power savings that can be achieved. Fig. 4.9 shows the
influence of this assumption on our results. The power consumption for the sleep
mode is varied between 0 W and 600 W (which corresponds with the base station’s
power consumption when there is no traffic (Table 2.1)) and a sleep threshold of
0.1 is assumed. The percentages show the relative daily power consumption with
respect to the daily power consumption of the network without sleep modes. A
linear relation between the power consumption of the sleep mode and the daily
power consumption of the network is found. As mentioned above, 28 base sta-
tions can be put into sleep during 8 hours of the day (sleep threshold = 0.1). If
a power consumption of 100 W is assumed for the sleep mode, this results in an
extra power consumption of 22.4 kWh. The higher the power consumption during
sleep mode, the lower the obtained power savings. When a base station consumes
600 W during sleep modes, the network’s power consumption is the same as for
the network without sleep modes.













































Figure 4.8: Power savings by introducing sleep modes and cell zooming in the network for
varying sleep thresholds from 0 to 0.3.
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Figure 4.9: Influence of the power consumption during sleep mode on daily power con-
sumption of the network (sleep threshold = 0.1).
Fig. 4.10 shows the evolution of the network’s power consumption during a
day with and without sleep modes. The power consumption during daytime (from
8 a.m. till 7 p.m.) is similar for all the investigated cases (i.e., no sleep modes and
sleep modes with the considered sleep thresholds) due to the fact that for this time
period V is higher than the sleep thresholds considered. At night (1 a.m. - 7 a.m.)
and 11 p.m., 28 of the 80 base stations can be put into sleep (V is lower than all
the sleep thresholds considered). For the other hours of the day, it depends on the
sleep threshold if the 28 base stations can be put into sleep.
4.6.3 Optimizing a network
For this investigation, Brussels Capital Region, Belgium, is considered with a sur-
face of approximately 149 km2. Data about the base station sites is provided by
Belgian Institute for Postal services and Telecommunications (BIPT). Fig. 4.11(a)
shows all the 858 available base station sites in Brussels. Within this region, four
different operator networks can be identified. Fig. 4.11(a) shows thus all the base
stations of the four operators. Here, only one operator network (289 base stations,
HSPA) is considered. All the possible locations are shown in Fig. 4.11(b) and are
used as an input for the GRAND tool (Section 3.1). The GRAND tool will adapt
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Figure 4.10: The evolution of power consumption of the network through time when sleep
modes are activated and deactivated.
the operator network by adding base stations, changing the locations of base sta-
tions, or changing settings such as the input power of the antenna. The set of base
stations that can be added to the network corresponds with the set of all the avail-
able base stations in the Brussels Capital Region (Fig. 4.11(a)). Furthermore, it is
assumed that the traffic is uniformly distributed over the considered area for both
the existing and the optimized network. The model from the previous sections will
be used in this study, which is a realistic approach as only the HSPA macrocell
base stations are considered for the existing network.
Fig. 4.11(c) shows the network resulting from the GRAND tool with deacti-
vation of the sleep modes and cell zooming. This network uses only 188 base
stations and has thus a daily power consumption that is 33.4% less than the power
consumption of the original network (4733.4 kWh versus 7108.0 kWh) as shown in
Table 4.2. Note that the optimised network with its lower power consumption still
has a significant higher coverage than the original network (95.0% versus 88.7%,
Table 4.2). It is thus concluded that it is useful to place the base stations properly
to save power.




Figure 4.11: Brussels Capital Region: available sites (a), original operator network (b), net-




No. base stations 289 188 170
Coverage 88.7% 95.0% 95.0%
Daily power consumption 7108.0 kWh 4733.4 kWh 4641.4 kWh
Table 4.2: Results for the optimisation of an operator network in the Brussels Caption Re-
gion.
of 0.1) and cell zooming are activated. 18 base stations can sleep when the traf-
fic is below the sleep threshold of 0.1 (Table 4.2). This results in a daily power
consumption of 4641.4 kWh (Table 4.2) which is 1.9% lower than the optimised
network without activating sleep modes and 33.4% lower than the original opera-
tor network. Again it is concluded that it is recommended to add sleep modes and
cell zooming into the networks, although the savings are limited. Today’s operator
networks are currently thus not optimised towards power consumption. Remark,
that introducing sleep modes and cell zooming in the network also needs extra
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management in the network.
For comparison, it is also determined how much power can be saved when in-
troducing sleep modes in the original operator network without first optimizing the
network. Assuming a sleep threshold of 0.1, this results in a daily power consump-
tion of 6526.5 kWh (versus 7108.0 kWh for the original network). A reduction of
about 8% is thus obtained.
4.7 Conclusion
In this chapter, a power consumption model as a function of the traffic load and
temporal variations is designed for a macrocell and microcell base station based
on measurements on an actual base station. This model allows us to investigate
the evolution of the power consumption during the day and to develop energy-
efficient wireless access networks by combining the GRAND tool, which develops
an always-on network with a minimal power consumption for a predefined area,
and an algorithm that introduces power reducing techniques in the network such
as sleep modes and cell zooming.
Two cases are investigated. In the first case, a completely new LTE network
is developed for the city center of Ghent. By introducing sleep modes and cell
zooming in this network, the power consumption can be reduced up to 13.5% (de-
pending on the used sleep threshold) compared to the network without sleep modes
and cell zooming. In the second case, an existing operator network for Brussels
Capital Region is optimised. Applying GRAND on this network results in a reduc-
tion of 33.4% for the daily power consumption. The introduction of sleep modes
and cell zooming causes an additional saving of 1.9% compared to the optimised
network. A careful selection of the base station locations can already result in
a significant saving (33.4% as shown by the results from the GRAND tool). In
current networks, this can be done by site sharing. For future networks, it is rec-
ommended that sleep modes and cell zooming are supported. Also for existing
networks (without optimizing the base station locations), introducing sleep modes
and cell zooming can result in a reduction of 8% of the daily power consumption
(depending on the considered threshold). In general, we conclude that a careful
selection of the base station locations results in a significant power consumption
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5
Reducing the power consumption in
LTE and LTE-Advanced wireless
access networks using a capacity-based
deployment tool
The last few years have seen a tremendous increase in the number of mobile users,
with global mobile phone penetration increasing from 20 percent in 2003 to 67 per-
cent in 2009 [1]. Mobile devices have also become more powerful, allowing users
to not only make phone calls on the go, but also to check their email, streaming
music and video, video conferencing, surfing the web, visiting social networks,
etc. This is of course only possible if the network is capable of supporting this
amount of traffic. To this end, new wireless technologies such as LTE(-Advanced)
have been introduced.
In this chapter, we investigate how energy-efficient LTE-Advanced (Release
10) access networks can be designed to improve energy efficiency compared to
LTE (Release 8/9) networks. LTE-Advanced introduces three additional function-
alities that can influence the energy efficiency [2]:
• Carrier Aggregation (CA) whereby the bit rate is increased by letting the
base station transmit multiple LTE carriers (here also called component car-
rier), each with a bandwidth up to 20 MHz.
• heterogeneous networks which consists in LTE-based networks typically of
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a two-layered network with macrocell (or eNodeB) and femtocell (or home-
eNodeB) base stations. Although LTE already supports this functionality,
LTE-Advanced improves the handling of interference between the different
cells.
• extended support for MIMO.
The influence of the three above described features on the energy efficiency of
a single base station and the network is here investigated. For the study on the
network level, a capacity-based deployment tool is proposed. The purpose of this
algorithm is to respond to the instantaneous bit rate request of the users in a geo-
metrical area as energy-efficiently as possible rather than providing coverage to
a certain area as in the coverage-based algorithm of Chapter 3. The power con-
sumption models of Chapter 2 are used to evaluate the power consumption of the
network.
Although some researchers have studied the energy efficiency of heteroge-
neous LTE and LTE-Advanced networks [3–5], to the best of our knowledge, no
one has compared the energy efficiency of LTE and LTE-Advanced or the effect
of LTE-Advanced’s main functionalities on energy efficiency.
5.1 Developing energy-efficient networks by a
capacity-based deployment tool
In this section, the capacity-based deployment tool is discussed, which allows to
develop future wireless access networks optimized towards power consumption
and that respond to the instantaneous bit rate requirement of the users active in the
considered area.
5.1.1 Generating traffic loads
As mentioned above, the proposed deployment tool is capacity-based, meaning
that the network responds to the instantaneous bit rate request of the user active in
the considered area. Therefore, it is important to have realistic data about the traffic
generated by the users active in the considered area. This data will be delivered
in the form of traffic files to the algorithm for developing the network described
in the next section. A traffic file contains information about the number of active
users, the location of each user, and the bit rate requested by each user for a certain
time stamp. Fig. 5.1 shows the flow diagram for generating a traffic file.
First, the considered area for which the network has to be developed (Fig. 5.1
Input 1) is needed. Within this area, a number of users will be active. The max-
imum number of users determines the maximum number of users that are simul-
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Figure 5.1: Schematic for generating realistic traffic (yellow squares in output = users re-
quiring 64 kbps, pinks squares in output = users requiring 1 Mbps).
taneously active. This number will of course vary during the day. Therefore, it is
also important to know for which time stamp during the day the traffic is generated
(Fig. 5.1 Input 5). The function used here is based on traffic data received from
a Belgian operator. Fig. 5.2 presents the variation of the maximum number of si-
multaneously active users during the day for the area shown in Fig. 5.1 (Input 2).
These results are confirmed by [6, 7]. To determine the location of each user, a lo-
cation distribution is used (Fig. 5.1 Input 3) for the considered area. Note that for
another area e.g., an area with a mixture of suburban and rural parts, a different ap-
proach could be used as the user density in the suburban part will be higher than in
the rural part. Finally, the bit rate of each user is defined by the bit rate distribution
(Fig. 5.1 Input 4). A certain part of users requires 64 kbps to make a phone call,
while the other part of the users requires 1 Mbps for transferring data. These bit
rates are realistic values for the proposed applications in the current networks [1].
Depending on the considered time stamp during the day (Fig. 5.1 Input 5), the ra-
tio of users requiring 64 kbps and users requiring 1 Mbps will vary. Note, that a
different bit rate distribution can also be considered.
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Max. no. simultaneous voice users
Max. no. simultaneous data users
Figure 5.2: Example of the maximum number of simultaneously active users during the day
for the area shown in Fig. 5.1 (Input 1 & Output).
When combining all the inputs described above, a traffic file can be generated.
The block ’output’ in Fig. 5.1 gives an example of the traffic generated for the time
interval from 5 to 6 p.m. which is the busiest time interval during the day as shown
in Fig. 5.2. The squares in Fig. 5.1 show the location of the users. A red square
corresponds with a user requesting 64 kbps, while a yellow square corresponds
with a user requiring 1 Mbps.
5.1.2 Optimizing towards power consumption
The different steps of the algorithm will be explained based on Fig. 5.3. The input
is the generated data from the previous section, along with a shape file containing
detailed 3D information about the buildings in the chosen environment (i.e., lo-
cation, shape, height, etc.), a file with possible base station locations, and an xml
file containing different parameters characterizing the wireless technology and the
power consumption of the base station.
As mentioned above, different distributions are combined to generate the traf-
fic data. Therefore, it is important to have multiple simulations in order to obtain a
good estimation of the median value for the different output parameters. The fol-
lowing steps will thus be repeated n times, with n the total number of simulations.
When a new simulation is started, we assume that all the base stations are asleep.
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Figure 5.3: Flow diagram of the capacity-based algorithm for optimizing towards power
consumption.
As our tool is capacity-based, we will try to connect each user active in the con-
sidered area to a certain base station (Fig. 5.3 Step 1). The next steps will thus be
repeatedm times, with m the number of users active in the considered area. When
connecting a user to a base station, there are two options: a user can be connected
to a base station that is already active (Fig. 5.3 Step 2) or we will need to wake
up a base station that is currently sleeping (Fig. 5.3 Step 3). In terms of power
consumption, it is more energy-efficient to connect a user to an active base station
instead of waking a new one up. Increasing the antenna’s input power results in an
electric power increase up to 468 W (when increasing the antenna’s input power
from 1 dBm to 43 dBm for a SISO base station) while waking a base station up
results in an additional electric power of 920 W which is a factor of approximately
2 higher (assuming that a base station consumes 45% of its power while in sleep
mode as proposed in [8]). Therefore, this is first checked (Fig. 5.3 Step 2). We try
to connect the user to the base station from which the user experiences the lowest
path loss (which has also to be lower than the maximum allowable path loss to
which a transmitted signal can be subjected while still having a sufficient signal
quality at the receiver side to offer the bit rate requested by the user). If a base
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station can not cover the user due to the path loss, we also check if increasing the
input power of the antenna (if possible) can solve this. When a suitable base sta-
tion is found, the user is connected to this base station. To calculate the path loss,
we determine if we have a Line-of-Sight (LoS) or non-Line-of-Sight (nLoS) situ-
ation. Therefore, a straight line between the user and the considered base station
is determined. By using the shape file of the environment, we know if this line
crosses a building or not. If so, the WI nLoS propagation model is used, otherwise
the WI LoS propagation model [9].
When the user can not be connected to an active base station, it is checked if
we can wake a sleeping base station up (Fig. 5.3 Step 3). The same procedure is
followed here: the user will be connected to the base station from which he/she
experiences the lowest path loss (which is lower than the maximum allowable path
loss) and that can support the bit rate requested by the user. Again, the optimal
input power of the antenna is determined, so that the user is covered. When a
suitable base station is found, the base station will be woken up and the user will
be connected to this base station. In order to spread the load on the active base
stations in the network, it is checked if users that are already covered by other base
stations can be transferred to this new active base station (Fig. 5.3 Step 4). This
can of course only be the case when the path loss experienced from this new base
station is lower than the path loss experienced from the old base station and if the
new base station can support the requested bit rate.
When the user can not be covered by any base station (active or by waking one
up), it is not possible to serve this user.
If the procedure described above ends for the considered user, it is checked if
there are still other users to cover (Fig. 5.3 Step 5). If so, Step 2 and if necessary
Step 3 and 4 will be repeated. If not, a final check will be performed (Fig. 5.3
Step 6). For this final check, we analyze all active base stations and check if
the input power of the antenna can be reduced. It is of course important that all
users connected to a base station are still covered with the requested bit rate after
decreasing the input power of the antenna. After this check, the development of
the network for this simulation ends. When there are still simulations to be done,
Steps 1 to 4 are repeated, otherwise, the calculation stops (Fig. 5.3 Step 7).
5.2 Influence on the power consumption of the indi-
vidual base station
The influence of the three above mentioned features of LTE-Advanced on the
power consumption and energy efficiency of a single base station is now inves-
tigated. The energy efficiency is here defined by Eq. (2.7). The values of the
different link budget parameters are shown in Tables 2.2 and 2.4 for the macrocell
and femtocell base station, respectively. Another important difference between
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the macrocell and the femtocell base station is the maximum number of served
users. The smallest unit to which user traffic can be allocated is Physical Resource
Block (PRB), consisting of 12 carriers. For each bandwidth, we divide the number
of carriers used by 12 to determine the number of PRBs. Futhermore, we assume
that each PRB has a different user. For the macrocell base station, this results in
a maximum of 18, 36, 75, 150, 225, and 300 users, for a respective bandwidth of
1.4, 3, 5, 10, 15, and 20 MHz. For a femtocell base station, the number of users is
typically limited to 16 (independent of the bandwith) [10]. We use this information
for the numerical investigation.
5.2.1 Carrier aggregation
In this section, it is investigated how the energy efficiency is influenced by adding
carrier aggregation. When carrier aggregation is applied, multiple carriers are sent
to the user to increase the bandwidth and thus the bit rate [2]. However, possible
drawbacks of carrier aggregation are: the vulnerability to loss in the throughput,
interference coordination, the incompatibility with user equipment, etc.
Fig. 5.4 shows the energy efficiency for some modulation schemes supported
by LTE(-Advanced) for both macrocell and femtocell base stations in a 5 MHz
channel. Note that the energy efficiencies in Fig. 5.4 indicated as LTE apply to
Release 8/9, while all these energy efficiencies are applicable to Release 10 as
Release 10 is backwards compatible which does not necessarily result in a similar
energy efficiency. We also indicated how much carriers are aggregated for LTE-
Advanced.
For each scenario in Fig. 5.4, a higher modulation scheme and/or coding rate
results in a lower energy efficiency. For example, an LTE-Advanced macrocell
base station with a CA of two 5 MHz component carriers results in an EE =
0.5 (km2· Mbps)/W for a coding rate of 2/3 and a modulation of QPSK i.e., 2/3
QPSK versus 0.2 (km2· Mbps)/W for 2/3 64-QAM because a higher modulation
scheme and coding rate lead to a shorter range for a higher bit rate. The decrease
in range is higher than the increase in bit rate, leading to a lower energy efficiency
as the power consumption and the number of served users remain the same.
When comparing LTE and LTE-Advanced, Fig. 5.4 shows that higher bit rates
can be obtained even for a higher energy efficiency by using CA. E.g., for a
macrocell base station and 1/2 QPSK, EE = 0.4 (km2· Mbps)/W for LTE ver-
sus 2.1 (km2· Mbps)/W when aggregating 5 component carriers of 5 MHz. This
is due to the fact that CA does not influence the obtained range nor the number
of served users. Introducing CA has little impact on the base station’s power con-
sumption because CA corresponds in practice to a multicarrier (not aggregated)
configuration, which is already supported by LTE or to a base station supporting
multiple frequency bands depending on which type of CA is considered [2]. The
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Figure 5.4: Energy efficiency EE of LTE and LTE-Advanced in a 5 MHz channel.
extra power consumed for processing will thus be negligible compared to the base
station’s power consumption. It is concluded that in terms of the base station’s en-
ergy efficiency, it might be interesting to immediately implement LTE-Advanced
in the network, without introducing Release 8/9. Similar results can be obtained
for the other bandwidths.
5.2.2 MIMO
Here, the influence of the extended support for MIMO on the energy efficiency is
studied for both spatial diversity and spatial multiplexing. Fig. 5.5(a) shows the
influence of spatial diversity on the energy efficiency for different MIMO modes
and both the macrocell and femtocell BS. A bit rate of 2.8 Mbps in a 5 MHz
channel is considered. SISO is used as reference scenario.
Fig. 5.5(a) shows that the higher the number of transmitting and receiving an-
tennas, the higher the energy efficiency. For the macrocell base station, the energy
efficiency increases up to 433% when using 8x8 MIMO. In Eq. (2.7), Pel is 2 times
higher, while the range R is 3 times higher, resulting in a 5 times higher energy
efficiency. For the femtocell base station, the energy efficiency increases even up
to 454.6% (or 5.75 times).
Fig. 5.5(b) shows the results for spatial multiplexing. 1/3 QPSK and a 5 MHz
channel are considered. Again, a higher number of transmitting and receiving
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(a)
(b)
Figure 5.5: Influence of spatial diversity (a) and spatial multiplexing (b) on the energy effi-
ciency for different MIMO modes using 1/3 QPSK in a 5 MHz channel.
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antennas results in a higher energy efficiency. For the macrocell base station, a
maximum increase of 304.8% (or about 4 times) is found due to an 8 times higher
bit rate while the power consumption increases only 2 times. For a femtocell base
station, the energy efficiency gain is maximum 131.3% (or 2.5 times). The highest
energy efficiency gain is obtained by using MIMO for spatial diversity.
5.2.3 Heterogeneous deployments
Fig. 5.4 suggests that a femtocell base station is less energy efficient than a macro-
cell base station. However, this is not always the case. Fig. 5.6 compares the
energy efficiency of LTE-Advanced macrocell and femtocell base stations as a
function of attainable bit rates. To obtain Fig. 5.6, the bit rate is first defined when
aggregating sequentially one to five component carriers with equal bandwidth. We
considered all possible bandwidths. Next, for each possible bit rate and each base
station type, we selected the most energy-efficient solution.
Figure 5.6: Comparison of the energy efficiency of an LTE-Advanced macrocell and fem-
tocell base station for different bit rates.
Fig. 5.6 shows that the bit rate determines which base station type is the most
energy efficient. For bit rates higher than 20 Mbps, the macrocell base station is
the most energy efficient (EE = 7.5 (km2· Mbps)/W versus 4.5 (km2· Mbps)/W
for 25 Mbps) due to its longer range and higher number of served users (despite
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its higher power consumption). Below 20 Mbps, there is no unambiguous answer.
In some cases, the macrocell base station is most energy efficient (for example, for
5 Mbps), while in other cases the femtocell base station is most energy efficient
(for example, for 13 Mbps).
With carrier aggregation, we can obtain high bit rates even with a lower modu-
lation scheme or bandwidth. For example, aggregating three 15 MHz carriers with
4/5 16-QAM gives us 122 Mbps, while aggregating five 20 MHz carriers with
2/3 QPSK gives us 113 Mbps, and aggregating four 20 MHz carriers with 1/2 16-
QAM gives us 135 Mbps. Because of the higher modulation scheme, the range is
much lower for 122 Mbps (141.3 m) than for 133 and for 122 Mbps (respectively,
398.0 m and 327.2 m), resulting in a lower energy efficiency, which is responsible
for the up-and-down behavior in Fig. 5.6.
Although future networks will obviously include different base station types,
we will need a good estimation of the required bit rate, coverage, and number of
served users to determine which type is most suitable in each network location to
reduce the network’s power consumption. Because demand varies over time as
shown in Fig. 5.2, both base station types must be deployed in the network, with
the optimal combination resulting in a more energy-efficient network. We can find
this optimal combination by placing macrocell base stations to cover the area first,
and then femtocell base stations to provide coverage in the coverage holes i.e., the
areas that are not covered by macrocell base stations. Furthermore, we can extend
the macrocell base station’s capacity as needed using femtocell base stations in the
coverage cell of the macrocell base stations.
5.3 Influence on the power consumption of the net-
work
In the previous section, the influence of carrier aggregation, heterogeneous net-
works, and MIMO on the power consumption and energy efficiency of a single
LTE-Advanced base station was investigated. We will now investigate the influ-
ence of these three features on the power consumption and energy efficiency of the
complete network. To this end, the capacity-based deployment tool described in
Section 5.1 will be used.
5.3.1 Configuration
For this study, an outdoor suburban area of 6.85 km2 in Ghent, Belgium is selected
which is shown in Fig. 5.7. The possible locations (75 locations) for the base sta-
tions are indicated by red squares and are existing locations from Belgian mobile
operators. Furthermore, we consider an LTE-Advanced network at 2.6 GHz. The
different link budget parameters can be found in Tables 2.2 and 2.4 for the macro-
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cell and femtocell base station, respectively. For the MIMO gain, the theoretical
MIMO gain of Eq. (2.14) is assumed.
Figure 5.7: The selected suburban area of 6.85 km2 in Ghent, Belgium.
5.3.2 Reference scenario
The reference scenario used in this study is the scenario whereby the developed
networks consist of only macrocell base stations not supporting carrier aggregation
nor MIMO.
All the results will be presented as the 50th and 95th percentile calculated over
the 40 simulations (as discussed in Section 2.14). As the network responds to the
instantaneous bit rate requirements of the users active in the area, the number of
selected base stations in the network will vary during the day, resulting in a varying
power consumption, and thus energy efficiency, of the network. Fig. 5.8 shows the
evolution of both the power consumption (left blue axis) and the energy efficiency
(right red axis) during the day for both the 50th and the 95th percentile. The
power consumption is the highest during daytime (from 10 a.m. till 8 p.m.). The
energy efficiency reaches its highest level around 5 p.m. when the highest number
of users is active in the network. On the other hand, the energy efficiency is the
REDUCING THE POWER CONSUMPTION IN LTE AND LTE-ADVANCED WIRELESS
ACCESS NETWORKS USING A CAPACITY-BASED DEPLOYMENT TOOL 91
lowest around 3 a.m. to 4 a.m. when the lowest number of users is active in the
network. Although the power consumption is higher around 5 p.m. than around
3 a.m. to 4 a.m., a higher energy efficiency is obtained due to better performance of
the network (higher offered capacity, higher number of users served, and a higher
coverage).









































Power consumption 50th percentile
Power consumption 95th percentile
Energy efficiency 50th percentile
Energy efficiency 95th percentile
Figure 5.8: Evolution during the day of the 50th and the 95th percentile of the power con-
sumption (blue left axis) and the energy efficiency (red right axis) for the refer-
ence scenario.
Fig. 5.9 shows the network obtained from one simulation case for four different
time intervals during the day. The red squares indicate the location of the base
stations, while the blue triangles indicate the location of the users. For the networks
at 12 a.m. and 6 p.m., of course much more active BSs are required than at 12 p.m.
and 6 a.m. because of the higher number of active users (Fig. 5.9). Note that for
each time interval, 40 simulations will be performed and thus 40 networks will
be designed for each time interval. From now on, only two time intervals will
be considered: the 4-5 a.m. time interval with the lowest number of active users
(i.e, 14 users) and the 5-6 p.m. time interval with the highest number of active
users (i.e., 224 users). The results will be presented as the 50th (p50) and 95th
(p95) percentile calculated over the 40 simulation cases for each time interval.
For each considered time interval, the standard deviation σPC and σEE and the
90% confidence intervals CIPC and CIEE of the power consumption and the
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energy efficiency respectively, calculated over the 40 simulations is given. σPC is
between 1.6 kW and 2.8 kW for the 4-5 a.m. time interval and between 2.5 kW
and 5.6 kW for the 5-6 p.m. time interval which amounts to approximately 10% of
the obtained p50 value due to the considered distributions (user, location, and bit
rate distribution). Furthermore, the power consumption reduction and the energy
efficiency improvement compared to the reference scenario will be determined for
each scenario.
Figure 5.9: Overview of the network obtained by one simulation for different time intervals
during the day (red square = base station location, gray circle = range of the
base station, and blue triangle = user location).
5.3.3 Carrier aggregation
Tables 5.1 and 5.2 show the results for both the power consumption (PC) and the
energy efficiency (EE) for the two selected time intervals i.e., 4 a.m. to 5 a.m.
(lowest number of active users) and 5 p.m. to 6 p.m. (highest number of active
users), respectively when applying carrier aggregation compared to the reference
scenario. 2 up to 5 carriers of 5 MHz are aggregated in this comparison and only
macrocell base stations are considered. Figs. 5.10 and 5.11 give an overview of
REDUCING THE POWER CONSUMPTION IN LTE AND LTE-ADVANCED WIRELESS
ACCESS NETWORKS USING A CAPACITY-BASED DEPLOYMENT TOOL 93
the individual parameters (number of active base stations (a), network power con-
sumption (b), number of users served by the network (c), and the capacity offered






















































































Figure 5.10: Comparison of different parameters (number of used base stations (a), power
consumption (b), percentage of users served (c), and capacity offered by the
network (d)) for the time interval 4 a.m. to 5 a.m. for the different scenarios.
Based on Tables 5.1 and 5.2, it is concluded that the more carriers are ag-
gregated, the more energy-efficient the solution becomes. Aggregating 5 carriers
results for the considered case in an energy efficiency improvement up to 400%
(Table 5.2) due to the fact that a higher number of aggregated carriers results in
a higher offered bit rate per base station for the same base station’s power con-
sumption (CIPC is approximately the same for the considered CAs) and thus in
a higher network capacity (Figs. 5.10 (d) and 5.11 (d)). When aggregating two
5 MHz carriers, the capacity offered by the network multiplies by approximately
2; analogously when aggregating 5 carriers the capacity offered by the network
multiplies by approximately 5. For all considered scenarios, all users active in the
selected area are covered for the 4-5 a.m. time interval and 97% for the 5-6 p.m.
time interval (Figs. 5.10 (a) and 5.11 (a)). For the 5-6 p.m. time interval, 3% of the
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Figure 5.11: Comparison of different parameters (number of used base stations (a), power
consumption (b), percentage of users served (c), and capacity offered by the
network (d)) for the time interval 5 p.m. to 6 p.m. for the different scenarios.
luminated are limited, and the path loss experienced by the user from base stations
on these locations is higher than the maximum allowable path loss (Section 5.1).
For the selected area, carrier aggregation does not result in a lower power con-
sumption for the 4-5 a.m. interval. The same number of base stations (9 as shown
in Fig. 5.10 (a)) is used for the different scenarios where carrier aggregation is
applied as for the reference scenario because the capacity per base station is here
not the most limiting factor to develop the network but the range per base station.
For the 5-6 p.m. time interval, a small power consumption reduction (about 7%) is
obtained as the introduction of carrier aggregation results in a smaller number of
base stations (27 versus 29 for the reference scenario, Fig. 5.11 (a)).
5.3.4 MIMO
The second feature that is investigated is MIMO. Tables 5.1 and 5.2 also list the
values for the power consumption and the energy efficiency compared to the ref-
erence scenario for the 4-5 a.m. and the 5-6 p.m. time interval respectively. Three
different cases are studied: SISO which corresponds with the reference scenario,
4x4 MIMO, and 8x8 MIMO. Spatial diversity is used, so a higher range will be
obtained when applying MIMO. Figs. 5.10 and 5.11 give again an overview of
the individual parameters for the two selected time intervals. The results for the
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energy efficiency parameter in Tables 5.1 and 5.2 show that for the selected area,
MIMO does not lead to a higher energy efficiency.
For the 4-5 a.m. interval, the energy efficiency is decreased with 9% to 43% by
introducing 4x4 MIMO when taking the p50 and p95 values into account compared
to the reference scenario. For the 5-6 p.m. interval, a decrease of approximately
47% is obtained. For 8x8 MIMO, these reductions are even higher: 41% (p50)
to 66% (p95) for the 4-5 a.m. interval and approximately 69% for the 5-6 p.m.
interval. In general, it is concluded that the energy efficiency for the considered
case decreases when applying MIMO for the case here considered. As applying
MIMO results in a higher range per base station, fewer base stations are needed
to cover all the users in the area (Figs. 5.10 (a & c) and 5.11 (a & c)) and thus
less capacity is available in the network (Figs. 5.10 (d) and 5.11 (d)) resulting
in a lower energy efficiency. When using 4x4 MIMO, the number of used base
stations is reduced by approximately 30% (for the 4-5 a.m. and 5-6 p.m. interval),
resulting in approximately the same reduction in network capacity. When using
8x8 MIMO, the number of base stations is even further reduced compared to the
reference scenario: by approximately 57% and 39% for the 4-5 a.m. and 5-6 p.m.
interval respectively, resulting also in approximately the same reduction in network
capacity. Despite the reduction in number of base stations, no power reduction is
found. This is due to the fact that the extra power consumption needed to support
the multiple antennas is too high for the considered case.
5.3.5 Heterogeneous deployments
In this section, the influence on the power consumption and energy efficiency of
introducing femtocell base stations in the network is studied. The results for these
parameters compared to the reference scenario are listed in Tables 5.1 and 5.2 for
the 4-5 a.m. and the 5-6 p.m. time interval, respectively. Five different scenarios
are investigated: (i) the network consisting of only macrocell base stations without
carrier aggregation and MIMO (i.e., the reference scenario), (ii) the combination of
macrocell and femtocell base stations both not supporting carrier aggregation and
MIMO, (iii) the combination of macrocell and femtocell base stations where the
femtocell base station supports 4x4 MIMO (spatial diversity), (iv) the combination
of macrocell and femtocell base stations where the femtocell base station aggre-
gates 5 carriers of 5 MHz, and (v) the combination of macrocell and femtocell
base stations where the femtocell base station supports both carrier aggregation
and MIMO. Although the femtocell base station is seen as an indoor device, we
here consider it to be outdoor or at least its antenna is placed outdoor. Tables 5.1
and 5.2 show that introducing femtocell base stations in the network has a high in-
fluence on the energy effciency. When introducing femtocell base stations without
carrier aggregation and MIMO, an energy efficiency improvement of 2% (p50) to
21% (p95) is obtained for the 4-5 a.m. interval and 98% (p50) to 118% (p95) for
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the 5-6 p.m. interval. This is due to the lower power consumption of the femtocell
base station compared to the macrocell base station is significantly lower (12 W
versus 1674 W, Chapter 2) resulting in a network power consumption reduction
(Tables 5.1 and 5.2) of approximately 20% for the 4-5 a.m. time interval and 5%
(p50) to 8% (p95) for the 5-6 p.m. time interval compared to the reference scenario,
although a higher number of base stations is used (Figs. 5.10 (a) and 5.11 (a)). For
the 5-6 p.m. time interval, the number of used base stations is increased by 85%
(p95) to 97% (p50), while the number of used base stations is approximately the
same for the 4-5 a.m. time interval as for the reference scenario to cover the same
number of users (i.e., 100% for the 4-5 a.m. interval and 97% for the 5-6 a.m.
interval (Figs. 5.10 (a) and 5.11 (a)). Note, that this collection of used base sta-
tions consists of both macrocell and femtocell base stations, while the collection
for the reference scenario consists only of macrocell base stations. Furthermore,
this large number of base stations also provides a higher network capacity thus
resulting in a higher energy efficiency (non-overlapping CIEE). For the 5-6 p.m.
interval, the network capacity increases by 86% (p95) to 97% (p50) compared to
the reference scenario. For the 4-5 a.m. interval, the increase is only 0% (p95) to
11% (p50) compared to the reference scenario as the number of base stations is
approximately the same as for the reference scenario.
Comparing the scenario with MIMO and the scenario with carrier aggrega-
tion shows that introducing femtocell base stations supporting MIMO influences
the power consumption the most. CIPC when using MIMO is significantly lower
than when using carrier aggregation which is preferable as this shows that there
is less uncertainty about the obtained power consumption value. Furthermore, the
CIPC when using carrier aggregation is similar to the CIPC when using femto-
cell base stations without supporting MIMO or carrier aggregation. A reduction
of 32% (p95) to 44% (p50), respectively 21% (p50 and p95), is obtained for the
scenario with femtocell base stations supporting MIMO for the 4-5 a.m., respec-
tively the 5-6 p.m. time interval, versus approximately 17% respectively 5% (p50)
to 10% (p95) for the scenario with femtocell base stations supporting carrier ag-
gregation (Tables 5.1 and 5.2). Due to MIMO, the range of the femtocell base
stations is increased and more femtocell base stations (with a lower power con-
sumption) than macrocell base stations are used although the total number of used
base stations does not decrease (Figs. 5.10 (a) and 5.11 (a)). In contrary, introduc-
ing femtocell base stations supporting carrier aggregation influences the energy
efficiency most. An energy efficiency improvement of 292% (p50) to 583% (p95),
respectively 512% (p50) to 655% (p95), is found for the 4-5 a.m. and 5-6 p.m.
time interval versus 119% (p95) to 142% (p50) and 151% (p50) to 180% (p95)
when introducing femtocell base stations supporting MIMO (Tables 5.1 and 5.2).
The CIEE differs significantly between the different scenarios. As carrier aggre-
gation increases the capacity per base station, the overall capacity of the network
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increases, resulting in a high energy efficiency.
The best results are obtained when introducing both carrier aggregation and
MIMO. For this scenario, the consumed power is similar as for the scenario when
supporting only MIMO as CIPC overlaps significantly, but the energy efficiency
improvement is much higher (CIEE is significantly higher) when supporting both
MIMO and carrier aggregation as supporting carrier aggregation results in a higher
capacity per base station and MIMO in a higher range per base station.
5.4 Influence of the sleep mode power consumption
In the discussions above, we assumed that the unselected base stations consume no
power which is of course an ideal situation. We will now investigate the influence
of the base station’s power consumption during sleep mode on the network’s power
consumption. Fig. 5.12 shows the obtained network power consumption (50th
percentile) for all of the above described scenarios for the 5 p.m. to 6 p.m. time
interval (except for 3, 4 and 5 component carriers as these give the same results
as for 2 x 5 MHz CA as discussed later). The x-axis shows how much power a
base station consumes during sleep mode with respect to the power consumption
during active operation. For example, a value of 10% means that the base station
consumes 10% of 1672 W (i.e., the power consumption during operation). A value
of 0% means that the sleeping base station consumes no power, while a value of
100% means that the sleeping base station consumes the same amount of power
as an active base station. In [8], a realistic value of 45% of the operational power
consumption is obtained for the power consumption during sleep mode. For a base
station using MIMO, it is assumed that during sleep mode the base station can turn
off all the extra antennas and thus the same power consumption as for a SISO base
station is considered during sleep mode. In [11], three different sleep modes are
considered for a femtocell base station: stand-by mode with a power consumption
of 50% of its operational consumption and a wake-up time of 0.5 s, sleep mode
with a power consumption of 15% and a wake-up time of 10 s, and off-line mode
with a power consumption of 0 W and a wake-up time of 30 s.
In general, the network’s power consumption in Fig. 5.12 increases when the
amount of power that is consumed during sleep mode increases. This linear re-
lation is self-evident because the power consumption during sleep mode is fixed
and can not be optimized by our tool. Only the power consumed by active base
stations can be tuned. Furthermore, for values lower than 85% the lowest power
consumption is obtained when aggregating 2 carriers of 5 MHz while for values
equal or higher than 85% the reference scenario consumes the lowest amount of
power. As mentioned above (Table 5.2), the reference scenario uses 29 base sta-
tions (consuming 41.6 kW) while the carrier aggregation scenario uses 27 base
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Figure 5.12: Influence of the (50th percentile) power consumption of the sleeping base sta-
tions on the network’s power consumption for the 5 p.m. to 6 p.m. time inter-
val.
stations (consuming 38.5 kW). The carrier aggregation scenario will thus have
a higher sleeping power consumption than the reference scenario as it has more
sleeping base stations (48 versus 46). For a value higher than 85 %, the difference
in the power consumption of the sleeping base stations (68.2 kW versus 65.4 kW
for the reference scenario and 85%) exceeds the difference in power consumption
of the active base stations resulting in a lower overall network power consumption
for the reference scenario. The same result is obtained for the other carrier ag-
gregation scenarios. The two considered MIMO scenarios do not overlap with the
reference scenario because the difference in power consumption of the active base
stations is already too high compared to the reference scenario.
For the scenarios involving femtocell base stations, we have used the same
ratio of femtocell base stations to macrocell base stations for the sleeping base
stations as for the active base stations. For example, if 10% of the active base sta-
tions is a femtocell base station and 90% a macrocell base station, than 10% of the
sleeping base stations is also a femtocell base station and 90% a macrocell base
station. The percentage for the power consumption during sleep mode is of course
kept the same for the femtocell and the macrocell base station. For a value of 20%
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and the ratio of 90% mentioned above, 10% of the sleeping base stations will con-
sume 20% of 12 W (femtocell base station) and 90% of the sleeping base stations
will consume 20% of 1672 W (macrocell base station). Note, that we have also
added the reference scenario in Fig. 5.12. However, this is a purely macrocell base
station scenario and thus all sleeping base stations are assumed to be macrocell
base stations which clarifies the higher network’s power consumption obtained by
the reference scenario. This is also the reason why the power consumption during
sleep mode influences more the network’s power consumption than for the femto-
cell base station scenarios (steeper curve).
The scenarios using femtocell base stations without carrier aggregation and
MIMO and with carrier aggregation (but without MIMO) show similar results be-
cause they use approximately the same number of active base stations (56-57)
resulting in a similar power consumption (39.4-39.6 kW, Table 5.2). The differ-
ence in power consumption of the active base stations is again too high to obtain
any overlap with the other two femtocell base station scenarios which also have
similar results as already discussed in the previous section (Table 5.2).
From now on, the value of 45% of the operational power consumption ob-
tained by [8] will be assumed for the power consumption during sleep mode. For
this value, the network power consumption for the reference scenario amounts to
76.4 kW compared to 41.6 kW for the ideal situation when the sleeping base sta-
tions consume no power and 118.1 kW when all base stations are active.
5.5 Different energy efficiency metrics
In section 2.4, we discussed the need of an appropriate energy efficiency met-
ric. Seven different energy efficiency metrics were proposed. Table. 5.3 compares
the results for the above described scenarios (5-6 p.m. time interval) for the en-
ergy efficiency metrics introduced in Section 2.4: PCarea (Eq. (2.4)), PCusers
(Eq. (2.5)), PCbitrate (Eq. (2.6)), PCproduct1 (Eq. (2.7)), PCnorm (Eq. (2.8)),
PCsum (Eq. (2.9)), and PCproduct2 (Eq. (2.10)). For PCnorm and PCsum, the
following is assumed: Amax is the surface of the considered area, Bmax corre-
sponds with the capacity offered by the network when each base station is active
and aggregates 5 carriers of 5 MHz with the highest possible modulation scheme
and coding rate, Umax is the number of simultaneous active users (which de-
pends on the time interval) in the considered area, and Pmax equals the electical
power consumed by the network when each base station is active and supporting
8x8 MIMO.
All metrics agree on the fact that the scenario with femtocell base stations
supporting MIMO and carrier aggregation is the most energy-efficient. However,
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covered area PCarea and served users PCusers show similar results. As users
are uniformly distributed over the area, the users can be everywhere in the con-
sidered area and thus results a higher number of served users also in a higher
coverage of the area. PCbitrate shows a different sequence in terms of energy
efficiency. The higher the capacity offered by the network, the better it performs
in terms of PCbitrate. Adding carrier aggregation has thus a big influence on
the PCbitrate metric. Similar results as for the PCbitrate are obtained by the
PCproduct1 metric, although this metric combines covered area, number of served
users, and bit rate. The difference between the minimal and maximal value of
PCarea and PCusers amounts to 62.5%, while for PCbitrate this difference is
significant higher (96.8%). It is thus obvious for the case here considered, that
PCproduct1 will be influenced mostly by the bit rate parameter.
Table. 5.3 shows that similar results are obtained with the metrics combining
the number of served users, offered bit rate, covered area, and power consumption.
The scenario with femtocell base stations supporting both carrier aggregation and
MIMO performs for all four metrics the best and also the sequence in terms of
energy efficiency is the same for all four parameters. Note that the absolute values
between the different scenarios differ from metric to metric. However, the abso-
lute values are here less important. The purpose of the metric is to define which
scenario performs the best. The algebraic composition is thus of minor importance
as long as the relative results remain the same.
In general, all these metrics express energy efficiency. However, we suggest to
use the PCproduct1 metric as this combines all considered performance metrics.
As an alternative also PCnorm, PCsum, or PCproduct2 can be used, but they give
the same information as the PCproduct1 metric. In this chapter, the PCproduct1
energy efficiency metric is considered.
5.6 Conclusion
In this chapter, we investigated the influence of three main functionalities (carrier
aggregation, MIMO, and heterogeneous networks) of the LTE-Advanced standard
on the power consumption and energy efficiency on the base station level and on
the network level. For the study on the network level, a capacity-based deployment
tool is proposed. The purpose of this algorithm is to respond to the instantaneous
bit rate request of the users in a geometrical area as energy-efficiently as possible
rather than providing coverage to a certain area as in the genetic search algorithm.
The network is developed for a realistic suburban case in Ghent, Belgium.
For a single base station, we found that, in general, a higher bit rate results in
a lower energy efficiency. However by using carrier aggregation, LTE-Advanced
allows to obtain higher bit rates for even a higher energy efficiency. The type of
base station (macrocell or femtocell base station) that is the most energy-efficient
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depends on the bit rate. MIMO can also increase the energy efficiency of a single
base station.
For the network, the highest power reduction and energy efficiency improve-
ment is obtained when applying the three features together i.e., a heterogeneous
network whereby the femtocell base station supports both carrier aggregation and
MIMO. Adding femtocell base stations without MIMO and carrier aggregation
can already reduce the power consumption significantly. Furthermore, introduc-
ing femtocell base stations only supporting carrier aggregation has the highest in-
fluence on the energy efficiency, while introducing femtocell base stations only
supporting MIMO has the highest influence on the power consumption.
Based on this study, it is recommended for future wireless access networks to
take the advantage of LTE-Advanced incoperated features, especially the introduc-
tion of femtocell base stations, to reduce the power consumption of the network.
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6
Optimizing the network towards both
power consumption and
electromagnetic exposure of human
beings
As already discussed before, in the last few years, the worldwide use of wireless
devices has grown considerably. Laptops, tablets, smartphones, etc. have entered
into our daily life. Due to this growth, wireless access networks have also been ex-
panding significantly in order to serve all mobile users. However, wireless access
networks, and more specifically the base stations of these networks, are currently
already very large power consumers as we have determined in the previous chap-
ters. As it is expected that the amount of wireless devices, customers, and traffic
will further increase in the coming years, it is very important to develop and im-
plement energy-efficient wireless access networks in the near future [1, 2]. In
addition to this, people are becoming more and more concerned about the health
effects that can be caused by the electromagnetic radiation of these networks; so
on the other side, it is also important to minimize the exposure of human beings to
these networks.
In this chapter, the capacity-based deployment tool of Chapter 5 is further ex-
tended to take also human exposure to electromagnetic fields of base stations into
account. First, we propose an approach to minimize power consumption while
satisfying a certain exposure limit. Second, an approach to minimize the exposure
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of human beings is proposed and finally an algorithm for optimizing towards both
power consumption and exposure of human beings is introduced.
6.1 Optimizing towards power consumption while
satisfying a certain exposure limit
The algorithm described in this section minimizes the network’s power consump-
tion while satisfying a certain exposure limit per antenna. The same approach as
in Section 5.1 is used, however, an extra step will be added in the beginning of the
algorithm. In this step, we determine for each base station the maximum Equiv-
alent Isotropically Radiated Power (EIRP), here denoted as EIRPmax, satisfying
the considered exposure limit Elim per antenna [3]. Once EIRPmax is known,
the maximum input power of the antenna can be calculated, and the network can
be developed by using the procedure described in Section 5.1 with the obtained
limitations for the antenna’s input power of each base station.
To determine EIRPmax, three extra inputs for the algorithm are needed: a
grid over the considered area to evaluate the exposure, a distance ds (in m), which
defines the minimal separation between the human from the base stations that will
be installed, and the maximally allowed electric-field strength Edsmax (in V/m) at
distance ds from the base station. For each base station, the path loss PLds (in
dB) at distance ds is determined and by using the following formula EIRPmax
(in dBm) is calculated [3]:





with f the frequency of the considered technology (in MHz).
Note that the above proposed algorithm is an extension of the capacity-based
algorithm of Section 5.1. This means that the algorithm is also capacity-based and
realistic traffic data is needed as input. To generate this traffic, the procedure in
Section 5.1.1 is used here as well.
6.2 Optimizing towards exposure of human beings
Fig. 6.1 shows the flow diagram of the approach followed to design wireless access
networks with a minimal exposure for human beings which is based on the algo-
rithm proposed in [3] and the capacity-based algorithm of Section 5.1. Realistic
traffic is again generated by using the algorithm in Section 5.1.1.
In the first step (Fig. 6.1 Step 1), the network will be created where the EIRP of
the base stations is limited to x dBm. In this way, a network containing many low-
power base stations is obtained which is, in terms of minimal exposure, preferred
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Figure 6.1: Flow diagram of the capacity-based deployment tool designing wireless access
networks with a minimal exposure of human beings.
over a network with a few high-power base stations. The algorithm discussed in
Section 5.1 can be used in this step.
In the second step (Fig. 6.1 Step 2), it is investigated if two base stations can
be merged into one base station with whether or not a higher transmit power. Only
those pairs of base stations are investigated whereby the base stations are laying
in 125% of their range from each other [3]. This value gives us a good trade-
off between not excluding possible mergeable base stations and not needlessly
investigating all base station pairs. To determine the location of the new base
station, a list of users that are not covered anymore when removing the base station
pair is composed. These users need to be covered by a new base station that has
a low transmit power. To this end, the algorithm determines for each base station
location the highest path loss obtained between that location and the uncovered
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users. The base station location that has the lowest value (and can provide the
required capacity) will be able to cover the users with the lowest transmit power
and will thus be added as new base station to the network. This will occur only
when the global exposure of the network EM , which is a weighted average of
the median electric-field strength E50 and the 95%-percentile value of the field
strengths E95, is lower than before the merge [3]:
EM =
w1 · E50 + w2 · E95
w1 + w2
(6.2)
with w1 and w2 weighting factors for the 50%-percentile value E50 and the 95%-
percentile value E95 respectively. In this way, the median exposure of the network
(E50) and the maximum exposure values of the network (E95) are taken into ac-
count [3]. Here, we assume an equal impact of E50 and E95 on the metric and set
both w1 and w2 at a value of 0.5.
The third step (Fig. 6.1 Step 3) investigates if it is possible to remove a base
station by increasing the transmit power of the surrounding base stations. The al-
gorithm starts with the base station covering the lowest number of users because
this case has the highest chance that the users are covered by other base stations.
All users that are covered by the base station under investigation need to be cov-
ered by another base station. Therefore, the transmit power of a surrounding base
station is increased until all users are covered or until all its capacity is consumed
or until the maximum allowable transmit power is reached. When there are still
uncovered users, the transmit power of the next surrounding base station is in-
creased. A base station that has already increased its transmit power will not be
considered anymore in further investigations. The adaptation of the network will
only be accepted when the global exposure of the network is lower than before.
In the fourth and last step (Fig. 6.1 Step 4), it is checked if the transmit power
of each base station can be decreased while still serving the users.
6.3 Optimizing towards both power consumption
and exposure of human beings
In the previous algorithms, we focused on the optimization towards one parame-
ter: power consumption or global exposure. We now propose an algorithm that
optimizes towards both power consumption and global exposure.
Again, the capacity-based algorithm of Section 5.1 is slightly adapted. In the
capacity-based algorithm, we tried to connect as much as possible each user to an
active base station because it is more energy-efficient to connect to an active base
station than waking up a new one as discussed in Section 5.1. However, here a base
station can connect to any base station, an active one or by waking up a sleeping
one, as long as the experienced path loss is lower than the maximum allowable
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path loss. In the ideal case, it will be possible for the user to connect to multiple
base stations. To decide which is the best option to connect to, a fitness function
is used. This fitness function is similar as the one used in the coverage-based
algorithm (Section 3.1), however, different parameters will be taken into account.
The global fitness function used here is:
ftot = w1 · (1− P
Pmax
) · 100 + w2 · (1− EM
Emax
) · 100 (6.3)
with w1 and w2 weight factors between 0.0 and 1.0 (boundaries included), P the
power consumption of the network, Pmax the maximum power consumption of the
network (i.e., when all base stations are active with maximal input power of the
antenna and consuming maximum power according to the settings (e.g., MIMO)),
EM expressed by Eq. (6.2) andEmax the global exposure of the network assuming
that all base stations are transmitting at the highest possible power. ftot give us a
value between 0.0 and 200.0 (boundaries included). The higher ftot, the better
the performance of the network. The user will connect to the base station that
delivers the highest ftot. If this base station is currently asleep, it will obviously
be awakened and we check if it is possible to move users from other base stations
to this base station. A user will only change from base station when a lower ftot is
obtained. Furthermore, also the antenna’s input power of the base station is tuned.
Only the process of choosing to connect to which base station is slightly adapted
compared to the algorithm of Section 5.1, the rest of the algorithm remains the
same.
6.4 Comparison optimizing towards power consump-
tion and exposure of human beings
In the following sections, the power consumption and the global exposure is eval-
uated when developing networks towards minimal power consumption only, to-
wards minimal power consumption while satisfying a certain exposure limit, and
towards minimal global exposure only. The tools of Section 5.1 and the ones dis-
cussed above are used for this investigation.
6.4.1 Selected scenario and assumptions
The algorithms will be illustrated on the same case as in Section 5.3.1 for an out-
door suburban area in Ghent, Belgium (Fig. 5.7). Here, only the time stamp of
the day with the maximum number of users (i.e., 5-6 p.m. time interval with
224 users) is considered, so the worst-case scenario is investigated. Furthermore,
LTE-Advanced is used as wireless technology with a frequency of 2.6 GHz and a
bandwidth of 5 MHz, supporting 4x4 MIMO. The other link budget parameters
can be found in Table 2.2. Only macrocell base stations are considered.
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For evaluating the exposure, we use a grid with a distance of 50 m between two
different grid points in both x- and y-direction as shown in Fig. 6.2. This results
in a total of 2737 grid points. The exposure of a certain base station will not be
taken into account for the grid points within a distance of 25 m from that specific
base station as it is assumed that no human will be closer to the base station than
the predefined distance. To determine the electric-field strength of a single antenna
and the combined electric-field strength from multiple sources, the approach of [3]
is followed.
Figure 6.2: Grid used to evaluate the exposure in the Ghent area, Belgium.
Three different networks will thus be developed for this scenario: one opti-
mized towards power consumption, one optimized towards power consumption
satisfying an electric field of 4.48 V/m per antenna at 2.6 GHz (Flemish exposure
norm [4]), and one optimized towards global exposure. 40 simulations are needed
per considered optimization (Chapter 3). For the optimization towards minimal
global exposure, the maximum input power of the antenna is limited to 40 dBm.
For the network’s power consumption, it is assumed that sleeping base stations
consume 45% of their active maximal SISO power consumption (Section 5.4).
Furthermore, 4x4 MIMO is considered.
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6.4.2 Optimization towards power consumption versus power
consumption satisfying a certain exposure limit versus
global exposure optimization
Table 6.1 lists an overview of the different performance parameters (number of
active base stations BS, power consumption PC, obtained electric-field strength
EM , and percentage of users served) for the three different optimizations. For each
parameter (except for the number of active base stations and the user coverage for
which we only show the 50th percentile), the 50th (p50) and 95th (p95) percentile,
and the 90% confidence interval CI calculated over the 40 simulations is shown.
The probability density function of the obtained field exposure is shown in Fig. 6.3.
Scenario BS PC PC CIPC EM EM CIEM Cov. users
p50 p95 p50 p95
[-] [kW] [kW] [kW] [mV/m] [mV/m] [mV/m] [%]
Power consumption 20 101.0 105.0 ±0.9 269.2 312.9 ±8.6 100
Power consumption 21 104.7 109.5 ±1.0 259.0 293.4 ±5.2 100
satisfying 4.48 V/m
Exposure 41 118.3 125.3 ±1.0 120.7 146.9 ±3.1 100
Table 6.1: Overview of the performance of the developed network (40 simulations)
when optimizing towards power consumption, power consumption satisfying
4.48 V/m, and global exposure.
As expected, the lowest power consumption in Table 6.1 is of course obtained
when optimizing towards this parameter. The power consumption amounts to
101 kW (p50), while a power consumption of 105 kW and 118 kW is obtained
when satisfying 4.48 V/m and optimizing towards exposure, respectively. This
lower power consumption is because the networks optimized towards power con-
sumption use only 20 active base stations, while for the last case, the network
requires even up to 41 active base stations. Due to this lower number of active
base stations, a higher input power of the base station’s antenna will be necessary
to cover the users. This higher input power results unfortunately in the highest
global exposure of the considered optimizations (Fig. 6.3 and Table 6.1). An aver-
age value of 269 mV/m and a maximum of 313 mV/m is obtained. Note that the
exposure limit of 4.48 V/m is also fulfilled here.
The lowest field exposure (121 mV/m on average and 147 mV/m maximum)
is obtained, as expected, when optimizing towards global exposure. To obtain
this low exposure, a low input power per base station is used, resulting in a total
number of 41 active base stations. This leads to a higher power consumption i.e.,
118 kW, than when optimizing towards power consumption.
A compromise between optimizing towards power consumption and global
exposure is optimizing towards power consumption while satisfying an exposure
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Figure 6.3: Cumulative density function of the obtained exposure when optimizing towards
(i) power consumption, (ii) power consumption satisfying 4.48 V/m, and (iii)
global exposure.
limit. As shown in Fig. 6.3, the field exposure of this network (259 mV/m on
average and 293 mV/m maximum) is between the field value of the networks op-
timized towards power consumption and global exposure. The field strength ob-
tained when optimizing towards global exposure is however 2 times lower than
when optimizing towards power consumption while satisfying a certain exposure
limit. Also the power consumption (105 kW) is between the values for the other
two networks. In general, a network optimized towards power consumption con-
sists of a low number high-power base stations, while a network optimized towards
global exposure consists of a high number low-power base stations.
6.4.3 Influence of limiting the antenna’s input power when op-
timizing towards exposure
As discussed in Section 6.2, in Step 1 of the algorithm a network is developed with
limited input power for the antenna. Table 6.2 shows the results when limiting the
input power to 30, 35, and 40 dBm. All other parameters remain the same as
described in Section 6.4.1.
Although a stricter limitation of the antenna’s input power results in a higher
number of active base stations (41 for 40 dBm, 44 for 35 dBm, and 45 for 30 dBm),
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Scenario BS PC PC CIPC EM EM CIEM Cov. users
p50 p95 p50 p95
[-] [kW] [kW] [kW] [mV/m] [mV/m] [mV/m] [%]
Exposure 40 dBm 41 118.3 125.3 ±1.0 120.7 146.9 ±3.1 100
Exposure 35 dBm 44 119.0 130.4 ±1.9 106.1 119.9 ±2.2 96.0
Exposure 30 dBm 45 118.2 129.5 ±2.4 68.3 78.3 ±1.6 83.7
Table 6.2: Influence of limiting the antenna’s input power on the performance of the net-
work (40 simulations) when optimizing towards global exposure.
there is almost no difference in power consumption. This is due to the fact that
a lower input power of the antenna results in a lower power consumption (Sec-
tion 2.1), but also in a lower range per base station, requiring more base stations
to cover the users and thus no power consumption reduction is found. The global
exposure on the other hand is more influenced by limiting the power. For 40 dBm,
a maximum value of 147 mV/m is found, while for 30 dBm, a maximum value
of 120 mV/m is obtained. This is quite obvious because as mentioned earlier, a
network with a high number of low-power base stations is more desirable in terms
of exposure than a network with a low number of high-power base station. How-
ever, note that when limiting the power to 30 dBm, the user coverage is drastically
decreased to 84%, while for 35 dBm a value of 96% is obtained which is still
acceptable. For 40 dBm, all users are covered.
6.4.4 Influence of the minimal distance ds between base station
and the general public
When developing the network (and evaluating the global exposure), a minimal
distance ds between the base station and the human is assumed. Within distance
ds of the base station, it is assumed that no general public will be present and
that the norm of [4] does not have to be satisfied. Here, we investigate how this
assumption influences our results. For this study, the network optimized towards
power consumption satisfying 4.48 V/m per antenna is considered. Three different
values for ds are investigated: 5 m, 15 m, and 25 m. All other parameters remain
the same as described in Section 6.4.1. Table 6.3 lists the obtained results.
The larger the proximity ds of the general public to the base station, the less
base stations are active: 34 for 5 m, 23 for 15 m, and 20 for 25 m. This is due to
the fact that when a human is closer to the base station, he/she experiences a higher
electric-field and thus the algorithm will limit the base station’s EIRP (and thus the
antenna’s input power) more. This limitation in EIRP results in a lower range per
base station and thus more base stations will be needed, resulting in a similar power
consumption for the different scenarios. However, the global exposure is lower for
a lower ds as for a lower ds the antenna’s input power is more limited resulting in
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Scenario BS PC PC CIPC EM EM CIEM Cov. users
p50 p95 p50 p95
[-] [kW] [kW] [kW] [mV/m] [mV/m] [mV/m] [%]
Power consumption 20 104.7 109.5 ±1.0 259.0 293.4 ±5.2 100
4.48 V/m ds = 25 m
Power consumption 23 96.3 98.9 ±0.8 176.9 193.8 ±2.4 99.6
4.48 V/m ds = 15 m
Power consumption 34 103.9 108.7 ±0.9 80.2 84.7 ±1.1 85.3
4.48 V/m ds = 5 m
Table 6.3: Influence of the minimal distance ds between base station and human on the
performance of the network.
a network with a higher number of low-power base stations. A maximum value
of 85 mV/m is found for 5 m, while for 25 m a maximum value of 293 mV/m is
obtained. Note again, that the user coverage for 5 m is significantly lower than
for 15 m and 25 m. Due to the limitation of the antenna’s input power, it is not
possible anymore to cover all users.
6.4.5 Influence of the distance between the grid points
Another input parameter for the above described algorithms is the grid to evaluate
the global exposure of the developed network. In this section, we investigate the
influence of the distance d between two grid points. Three distances are consid-
ered: 10 m, 30 m, and 50 m. The network optimized towards power consumption
satisfying 4.48 V/m is considered. All other parameters remain the same as de-
scribed in Section 6.4.1. Table 6.4 lists the results.
Scenario BS PC PC CIPC E E CIE Cov. users
p50 p95 p50 p95
[-] [kW] [kW] [kW] [mV/m] [mV/m] [mV/m] [%]
Power consumption 20 104.7 109.5 ±1.0 259.0 293.4 ±5.2 100
4.48 V/m d = 50 m
Power consumption 20 104.7 109.5 ±1.0 259.1 286.6 ±5.4 100
4.48 V/m d = 30 m
Power consumption 20 104.7 109.5 ±0.8 259.2 288.7 ±4.7 100
4.48 V/m d = 10 m
Table 6.4: Influence of the distance between the grid points on the performance of the net-
work.
Table 6.4 shows that the distance between the grid points does not influence the
performance parameters (power consumption and global exposure) significantly.
This is quite obvious as the purpose of the grid is only to evaluate the global expo-
sure. It does not have a direct influence on the development of the network as for
example, the input power of the antenna.
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6.5 Comparison optimizating towards both power
consumption and exposure of human beings
As concluded in Section 6.4.2, a network optimized towards power consumption
consists of a low number high-power base stations, while a network optimized
towards global exposure consists of a high number of low-power base stations.
These two parameters, power consumption and global exposure, impose thus con-
tradicting restrictions on the network. A trade-off will thus have to be made when
optimizing towards both power consumption and global exposure. In this section,
we will investigate this trade-off by varying the weight factors of Eq. (6.3). The
algorithm described in Section 6.3 is used for this investigation.
Table 6.5 lists the results when optimizing towards power consumption (w1 =
1 and w2 = 0) with the algorithm of Section 6.3 and towards global exposure (w1
= 0 and w2 = 1). Comparing those results with the results of Table 6.1 obtained
with the algorithms of Section 5.1 and 6.2, which optimize only towards power
consumption and global exposure, respectively, are similar as it should be. When
optimizing towards power consumption and global exposure (w1 = 0.5 and w2 =
0.5; both parameters are assumed to be equally important), a compromise is ob-
tained. The maximum power consumption is slightly higher than when optimizing
only towards power consumption (106 kW versus 108 kW for p95) but significantly
lower than when optimizing towards global exposure (127 kW). Analogously, a
maximum global exposure of 208 mV/m (p95) is found versus 353 mV/m and
175 mV/m when optimizing only towards power consumption and global expo-
sure, respectively.
Parameters BS PC PC CIPC EM EM CIEM Cov. users
p50 p95 p50 p95
[-] [kW] [kW] [kW] [mV/m] [mV/m] [mV/m] [%]
Power consumption 20 100.1 105.5 ±0.9 268.2 353.2 ±9.3 100
w1 = 1, w2 = 0
w1 = 0.5, w2 = 0.5 23 101.1 107.6 ±1.1 163.1 207.7 ±6.4 100
Exposure 38 120.9 127.1 ±1.7 104.2 175.0 ±9.1 100
w1 = 0, w2 = 1
Table 6.5: Overview of the results when optimizing the network towards power consump-
tion, global exposure, and towards both parameters.
Fig. 6.4 shows the influence of varying the w1 and w2 parameter of Eq. (6.3).
In each figure, the influence of varying the w2 factor for a fixed w1 on the power
consumption and the global exposure is shown. The blue full line represents the
50th percentile along with the obtained 90% confidence interval and the red dashed
line represents the 95th percentile.
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Figure 6.4: Influence of the w1 and w2 weight factors of Eq. (6.3) on the performance of
the developed network.
Fig. 6.4 shows that for a fixedw1, a higherw2 results in a lower global exposure
EM (in mV/m), but also as expected in a higher power consumption PC (in kW).
For example, forw1 = 0.2 andw2 = 0.2, a power consumption of 100 kW (p50) and
a global exposure of 163.1 mV/m (p50) is obtained versus 108 kW and 45 mV/m
for w1 = 0.2 and w2 = 0.8. Analogously, a higher w1 for a fixed w2 results in
a lower power consumption but also in a higher global exposure. For example,
for w1 = 0.2 and w2 = 0.8, a power consumption of 108 kW (p50) and a global
exposure of 45 mV/m (p50) is obtained versus 100 kW and 51 mV/m for w1 =
0.8 and w2 = 0.8. Note however that the influence of varying weight factors is
limited when optimizing towards both power consumption and global exposure. A
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minimum value of 100 kW (p50, w1 = 0.6 and w2 = 0.4) and 44 mV/m (p50, w1 =
0.2 and w2 = 0.6) is obtained versus a maximum value of 108 kW (p50, w1 = 0.2
and w2 = 0.8) and 70 mV/m (p50, w1 = 0.8 and w2 = 0.2). The higher one of the
two weight factors, the less influence the other weight factor has.
In general, the following guidelines can be used for choosing the weight fac-
tors:
• Optimizing towards power consumption: w1 = 1 en w2 = 0
• Optimizing towards global exposure: w1 = 0 en w2 = 1
• Optimizing towards power consumption and global exposure (equal impor-
tant): w1 = w2
• Optimizing towards power consumption and global exposure when power
consumption is more important: w1 > w2
• Optimizing towards power consumption and global exposure when exposure
is more important: w1 < w2
6.6 Conclusion
In this chapter, four different algorithms are proposed to develop future green wire-
less access networks. Each algorithm optimizes towards another parameter: power
consumption, power consumption while satisfying a certain exposure limit, global
exposure, and both power consumption and global exposure.
Comparing the results of the first three algorithms shows that when optimizing
towards power consumption, the network consists of a low number of high-power
base stations, while optimizing towards global exposure results in a network con-
sisting of a high number of low-power base stations. When optimizing towards
power consumption while satisfying a certain exposure limit, a compromise be-
tween the other two optimizations is obtained, although the field values are a factor
2 higher compared to the optimization towards global exposure.
We have discussed a fourth algorithm that optimizes the network towards both
power consumption and global exposure. By choosing the appropriate weight fac-
tors, the required trade-off between the importance of optimizing towards power
consumption and towards global exposure is obtained.
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Conclusions and future research
In this final section, overall conclusions of the research performed in this disserta-
tion are summarized.
7.1 Conclusions
The last few decades, a considerable increase in mobile devices ranging from mo-
bile phones and smart phones, over laptops and tablets, to smart watch and fitness
devices has been noticed. Besides this, these devices are becoming very power-
ful, allowing also more demanding services such as streaming music and videos,
video calling, etc. These two trends have of course their influence on the wireless
access networks serving those mobile devices. The network will not only have to
expand in size to cope with these extra demands but also has to provide a higher
capacity to keep the end user satisfied. In 2008, communication networks were al-
ready responsible for 15% of the ICT power consumption, moreover, 77% of this
consumption was caused by telecommunication operator networks. To preserve
our fossil fuels and reduce CO2 emission, every aspect of our society has to con-
tribute and thus it is important to develop in the future wireless access networks
with a minimal power consumption. On the other side, more people are becom-
ing concerned about the health effects of those networks. Exposure awareness to
electromagnetic fields is currently growing, so also wireless access networks with
a minimal global exposure for human beings are desirable in the future. The main
focus of this dissertation is to design future green wireless access networks opti-
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mizing both power consumption and electromagnetic exposure for human beings.
A wireless access network consists of many base stations, often of different
types. When developing and evaluating the network’s power consumption, it is
thus important to quantify the power consumption of a base station (type). In
Chapter 2, the architecture of three base station types (macrocell, microcell, and
femtocell base station) is determined and based on this architecture, a power con-
sumption model is defined for each base station type. A typical power consump-
tion of 12 W, 377 W, and 1279-1673 W is obtained for a femtocell, microcell, and
macrocell base station, respectively. Furthermore, appropriate energy efficiency
metrics are defined to determine and compare different wireless technologies and
base station types. Which technology the most energy-efficient is depends on the
considered base station type and the required bit rate. For example, for a macrocell
base station, mobile WiMAX is the most energy-efficient for bit rates higher than
11.5 Mbps, LTE for bit rates between 2.8 and 11.5 Mbps, and HSPA for bit rates
below 2.8 Mbps. Furthermore, it depends also on the wireless technology which
base station type is the most energy-efficient. However, this does not mean that
it is not interesting in terms of energy efficiency and power consumption to intro-
duce a less energy-efficient base station type in the network. Due to for example a
lower power consumption, it can reduce the overall network power consumption.
To increase the energy efficiency of a single base station, MIMO can be used. The
power consumption per covered area is reduced by 50 to 63% for a macrocell base
station when supporting 4x4 MIMO.
Chapter 3 proposes a deployment tool for the design of future wireless access
networks with a minimal power consumption. A coverage-based algorithm is pro-
posed which uses a genetic search algorithm. The purpose of this tool is to cover a
specific (geometrical) area as energy-efficiently as possible for a certain predefined
bit rate. The power consumption model of Chapter 2 is used by both algorithms
when developing and evaluating the network.
The coverage-based algorithm is applied on a realistic case. For an area in Ghent
(Belgium), a greenfield deployment is considered, while for Brussels Capital Re-
gion (Belgium) the existing network is optimized towards power consumption.
The performance of different wireless technologies is again studied. The highest
energy efficiency for the considered cases and assumptions is obtained for LTE.
For all considered cases, the energy efficiency can be further increased when in-
troducing microcell base stations in the network and when the base stations sup-
port MIMO. It is recommended for future networks to support both macrocell and
small-cell base stations.
In Chapter 4, measurements were performed on an actual macrocell and mi-
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crocell base station. These measurements allowed us to validate the power con-
sumption model of Chapter 2. Furthermore, the influence of traffic variations on
the base station’s power consumption are investigated and an appropriate power
consumption model is proposed. An extension of the coverage-based algorithm of
Chapter 3 combining sleep modes and cell zooming (or cell breathing) which are
two power reducing techniques is presented.
For the case in Ghent, introducing sleep modes and cell zooming, results in a
power consumption reduction of 14% (depending on the considered sleep thres-
hold) compared to the network without these power reducing techniques. For the
case in Brussels, optimizing towards power consumption (without sleep modes
and cell zooming) reduces already the consumed power by 33%. An additional
saving of 2% can be obtained when using sleep modes and cell zooming, while a
saving of 8% is found for existing networks without optimizing the base station lo-
cations. A careful selection of the base station locations can thus already result in
a significant saving. In current networks, this can be done by site sharing. For fu-
ture networks, it is recommended that sleep modes and cell zooming are supported.
Chapter 5 studies the influence of three features added to LTE-Advanced on
the power consumption and energy efficiency and compares it to the performance
of LTE. These three features are carrier aggregation whereby the bit rate offered
by the base station can be increased, improved support for heterogeneous networks
consisting of a mixture of macrocell and femtocell base stations, and extended sup-
port for MIMO up to 8 transmitting and 8 receiving antennas. The investigation
is performed on the base station level and on the network level. For the network
level, a capacity-based deployment tool is proposed. This tool develops networks
with a minimal power consumption but responds to the instantaneous bit rate re-
quests of the users active in the considered area, rather than providing coverage to
a certain area as in the coverage-based deployment tool. The tool is applied on a
realistic case in Ghent, Belgium.
For a single base station, in general, a higher bit rate results in a lower energy
efficiency. However, by using carrier aggregation, LTE-Advanced allows to ob-
tain higher bit rates for even a higher energy efficiency. The type of base station
(macrocell or femtocell base station) that is the most energy-efficient depends on
the bit rate. MIMO can also increase the energy efficiency of a single base station.
For the investigation on the network level, the highest power reduction and en-
ergy efficiency improvement is obtained when applying the three features together
i.e., a heterogeneous network where the femtocell base station supports both car-
rier aggregation and MIMO. Adding femtocell base stations without MIMO and
carrier aggregation can already reduce the power consumption significantly. Fur-
thermore, introducing femtocell base stations only supporting carrier aggregation
has the highest influence on the energy efficiency, while introducing femtocell base
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stations only supporting MIMO has the highest influence on the power consump-
tion.
We recommend for future wireless access networks to take the advantage of LTE-
Advanced incoperated features (carrier aggregation, heterogeneous networks, and
extended support for MIMO), especially the introduction of femtocell base sta-
tions, to reduce the power consumption of the network.
In Chapter 6, three extensions of the capacity-based deployment of Chapter 5
are proposed. The first extension develops networks optimized towards power con-
sumption but while satisfying a certain exposure limit, while the second extension
optimizes networks towards global exposure for human beings. The last extension
develops future green wireless access networks whereby the network is optimized
towards both power consumption and global exposure.
Comparing the results of the first three algorithms shows that when optimizing to-
wards power consumption, the network consists of a low number of high-power
base stations, while optimizing towards global exposure results in a network con-
sisting of a high number of low-power base stations. When optimizing towards
power consumption while satisfying a certain exposure limit, a compromise be-
tween the other two optimizations is obtained, although the field values are a factor
2 higher compared to the optimization towards global exposure.
The previous results show that optimizing towards both power consumption and
global exposure is a complex process as the optimization towards each parameters
results in conflicting requirements for the network. A trade-off between these two
parameters have to be made. We have shown that by choosing appropriate weight
factors for evaluating the performance of the network during the design phase, the
required trade-off between the importance of optimizing towards power consump-
tion and towards global exposure can be obtained. This last algorithm allows to
design the desired future green wireless access networks minimizing power con-
sumption and global exposure.
7.2 Future research
Wireless access networks are of course still evolving. A newly added feature is
’relaying’ where the mobile device communicates with a relay node instead of di-
rectly with the base station as we discussed in Chapter 1. In the future, these relay
nodes can be integrated in vehicles, placed on robots or it can also be another mo-
bile device such as a smart phone or a tablet. These ’new types of base stations’
can move around during communication compared to the currently deployed base
stations which will of course influence the network’s coverage, the capacity of-
fered in the different parts of the network, and the global exposure. This influence
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should clearly be studied, along with how this can be taken into account when de-
signing networks. Furthermore, appropriate models should be developed for the
power consumption of these new types of base stations and it should be investi-
gated if it is possible to reduce the power consumption and improve the energy
efficiency when introducing these new types of base stations into the network.
The commercial market for mobile communication is of course not limited to
one operator. Some of those operators are virtual operators, using the infrastruc-
ture of other operators, however, there are still multiple operators each having their
own network. Due to this, the frequency band for a certain wireless technology has
to be divided between them. Currently, a new idea i.e., co-primary shared access,
is being raised to actually share the frequency band between operators rather than
dividing it between them. In this way, a better spectrum utilization is obtained and
operators can cope better with temporary peaks. It should be investigated how co-
primary shared access can be taken into account when developing future networks,
and how this can reduce the power consumption and improve the energy efficiency
of those networks.
In this dissertation, only the downlink communication (from the base station
to the mobile device) is considered. One of the biggest challenges for the future
is probably to consider the uplink communication (from the mobile device to the
base station) as well. This means that an appropriate power consumption model
has to be defined for the mobile device. Defining such a power consumption model
is not such an obvious task because of the huge range of mobile devices. Not only
mobile phones, smart phones, tablets, and laptops can be considered as mobile
devices; within each category there also exist a tremendous range of products.
Furthermore, the power consumed by the mobile device is very dependent on the
user behavior. Also the uplink absorption due to the radiation of the mobile device
should be taken into account. Not only the absorption by the whole body should
be considered, but also the localized absorption in for example the head should be
considered.
Finally, we have only considered outdoor environments. In an ideal situation,
our deployment tool can be extended or combined with an indoor network planning
tool. In this way, it is possible to investigate how the signals from the outdoor base
stations propagates through the indoor environment and how to adapt the outdoor
network to provide also indoor coverage. The exposure of indoor and outdoor
users can be compared. Furthermore, the global exposure of the network’s outdoor
antennas can be evaluated in the indoor environment. Also the influence of indoor
relays can be investigated.



